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ABSTRACT 

The  Modular  Acoustic  System  is  a broadband  general  purpose 
acoustic  measurement  system  designed  for  use  on  the  submersible 
ALVIN.  This  report  discusses  four  general  areas  foi"  experimental 
research  where  the  design  features  of  the  System,  coupled  with 
ALVIN'S  special  capabilities,  are  particularly  appropriate.  The 
areas  are: 
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1.  Bottom  reflectivity  as  a function  of  both  frequency  and 
angle  of  Incidence,  with  particular  attention  to  the  porosity  created 
in  marine  sediments  by  large  populations  of  marine  tube-building 
organisms.  Including  polychaete  worms  and  pogonophorans . 

2.  Scattering,  as  a function  of  frequency,  from  fish  of  the 
deep  scattering  layer  in  those  special  cases  where  only  one  species 
and  one  size  of  fish  is  present. 

3.  Measurement  of  the  small-scale  topography  of  the  ocean 
bottom,  and  relation  of  that  topography  to  scattering  of  energy 
measured  as  a function  of  frequency  and  angle. 

Near-bottom  seismic  profiling  at  3*5  kHz  and  higher  fre- 
quencies. 

In  each  case,  attention  is  given  to  relevant  theory,  des- 
cription of  the  environmental  factors  including  possibles  sites, 
instrumentation  needed  in  addition  to  the  Modular  Acoustic  System, 
and  discussion  of  other  measurements  that  should  be  made  to  pro- 
vide better  correlation  of  acoustic  results  with  the  environmental 
factors . 
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1.  INTRODUCTION 

Ir  this  report,  we  describe  several  experiments  that  could  be 
m de  with  the  Modular  Acoustic  System,  now  nearing^  completion, 
while  it  is  mounted  on  the  deep  submergence  research  vehicle  ALVIN. 

Development  of  the  Modular  ^potistlc  System  began  in  late  1972. 
It  is  a part  of  the  instrument  development  program  for  ALVIN  that 
the  Advanced  Research  Projects  Agency  of  the  Department  of  Defense 
started  funding  in  1970.  The  vehicle  itself  had  been  designed, 
built,  and  operated  with  Office  of  Naval  Research  funds  from  16 
June  1961  to  31  December  1973.  Experiments  conducted  on  ALVIN 
during  that  period  have  be^n  summarized  in  the  Woods  Hole  Oceano- 
graphic In3titutlc.\  technical  report  WHOI-7^-60  (197^).  ONR  sup- 
port culminated  in  the  installation  of  a titanium  sphere  tuat  in- 
creased the  depth  capability  of  ALVIN  to  12,000  ft. 

The  ARPA  contract  has  funded  a series  of  instruments,  all 
designed  to  enhance  ALVIN ’s  measurement  capabilities,  and,  simul- 
taneously, to  employ  high-level,  high-risk  technology.  The  Modular 
Acoustic  System  is  one  of  the  series;  the  first  tests  of  this 
acoustic  instrumentation  system  on  ALVIN  in  May  1975  disclosed 
some  residual  problems  expected  to  be  resolved  by  December  1975. 

Features  of  the  system  are  discussed  fully  In  the  original 
proposal  to  ARPA  (McElroy  and  Hess,  1972)  and  in  McElroy  (1975). 
Briefly,  the  system  is  composed  of  an  external  transducer  mount 
that  is  trainable  in  azimuth  and  elevation  and  of  three  inter- 
changeable transducers,  detuned  to  cover  the  frequency  range  fi'om 
2 to  45  kHz.  Extensive  operator  control  over  parameters  such  as 
transducer  position,  operating  frequency  and  pulse  length,  and 
spectral  scanning  is  possible  with  either  a manual  control  system 
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or  a more  complicated  computerized  system.  Data  loggers,  analog 
tape  recorders,  and  the  computer  record  various  operating  para- 
meters and  experimental  acoustic  returns.  A visual  display  is 
available  for  use  during  a dive  to  permit  optimization  of  experi- 
mental conditions;  for  Instance,  the  frequency  spacing  in  spectral 
measurements  can  be  adjusted,  based  on  the  appearance  of  a measured 
spectrum. 

Wheri  the  Modular  Acoustic  System  is  mounted  on  ALVIN,  the 
experimenter  cr*,.  acoustically  sample  a much  smaller  surface  or 
volume  t.han  is  possible  with  transducer  systems  operating  at  the 
surface.  Data  comparisons  can  be  made  with  results  from  other 
on-site  Instrumental  packages,  such  as  rock  hammers  and  drills, 
and  plankton  nets,  already  developed  for'  use  on  ALVIN. 

We  believe  that  tbe  addition  of  the  Modular  Acoustic  System 
will  enhance  the  uniqueness  of  ALVIN,  displayed  most  recently  in 
studies  of  the  mid-Atlantic  ridge  during  Project  FAMOUS.  During 
that  project,  observers  trained  in  the  geological  and  geophysical 
sciences  recorded  details  of  the  immediate  environs  of  the  rift 
valley  (Ballard,  1975;  Heirtzler,  1975;  Heirtzler  and  Bryan,  1975; 
Hammond,  1975). 

ALVIN'S  ability  to  come  close  to  areas  of  Interest  in  the 
deep  sea,  dem.onstrated  clearly  during  Project  FAMOUS,  would  be 
combined  with  the  Modular  Acoustic  System,  in  the  experiments 
suggested  in  this  report,  to  provide  information  not  easily  at- 
tainable by  other  means. 

In  planning  these  experiments,  we  have  attempted  to  answer 
the  following  questions: 

• What  is  the  scientific  or  technical  question  to  be  answered? 
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• What  Is  the  relevant;  mathematical  formalism,  provided  It 
exists? 

How  might  the  experiment  be  carried  out,  giving  attention 
to  the  geographic  area  and  season  of  the  year,  if  appropriate, 
and  to  those  portions  of  the  system  necessary  for  the  ex- 
periment? Instrumental  features  that  do  not  exist,  but  which 
might  be  added,  are  considered. 

‘ What  other  measurements  could  be  made  nearly  simultaneously 
that  could  enhance  the  relevance  or  interpretabllity  of 
the  acoustic  results? 

The  experimental  problems  specifically  addressed  in  this 
report  are; 

• Studies  of  bottom  reflectivity  in  the  presence  of  tube- 
building  marine  organisms  (Sec.  2). 

• Volume  reverberation,  particularly  in  areas  where  a single 
species  is  present  (Sec.  3). 

• Bottom  topography  descriptions,  both  for  geomorphologlcal 
purposes  and  as  a means  of  determining  the  bottom  parameters 
relevant  to  scattering  experiments  (Sec.  iJ). 

• Near-bottom  seismic  profiling  at  3*5  kHz  (Sec.  5). 
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2.  BOTTOM  REFLECTIVITY  WITH  SPECIAL  ATTENTION  TO  THE  EFFECTS 

OF  TUBE-BUILDING  MARINE  ORGANISMS 

2.1  Introductory  Comments 

In  this  section,  we  discuss  acoustic  studies  of  ocean  bottoms 
lying  within  the  12,000-ft  depth  range  of  ALVIN.  In  many  regions, 
the  bottom  is  composed  of  sediments  that  are  porous.  The  porosity 
arises  either  from  the  very  small  interstitial  spaces  between 
sedimentary  grains  or  from  a new  source  we  consider:  the  network 

of  tubes  created  by  certain  marine  organisms.  We  emphasize  this 
latter  cause  and  examine  the  polychaete  worm  Hyalinoeaia  and  the 
pogonophorans  as  specific  examples.  Reflectivity  as  a function 
of  both  frequency  and  angle  is  considered  when  the  sediments'  have 
been  modified  by  these  tube-builders.  We  discuss  possible  sites 
for  experiments  in  general  terms  because  of  the  limited  data  on 
densities  of  benthic  fauna. 

The  reflection  coefficient  of  sound  incident  on  a surface 
is  a function  of  the  sound  velocities,  densities,  and  attenuation  1 

i 

in  the  two  media  separated  by  the  surface  as  well  as  a function  1 

of  the  angle  of  incidence  (Morse  and  Ingard,  1968).  A series  of  j 

plots  for  this  coefficient  vs  angle  for  a number  of  possible  con-  | 

ditions  at  the  Interface  of  ocean  and  sedimentary  bottoms  is  found 
in  MacKenzle  (i960);  the  modifications  to  the  reflectivity  due  to  j 

attenuation  in  the  bottom  are  illustrated. 

If  the  attenuation  and  sound  velocity  in  ocean  bottom  sedi-  | 

ments  are  frequency  dependent,  then  the  reflection  coefficient  | 

will  in  general  be  a function  of  frequency,  as  the  following  over  ■! 

simplified  equation  shows  (Eq.  2.1).  It  is  the  reflection  co-  \ 

efficient  at  a liquid-liquid  interface,  such  as  would  be  appropriate  '.j 
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If  the  bottom  could  not  support  transverse  waves  (Brekhovskikh, 
I960,  Eqs.  3.16,  3.17,  3.10). 

|y|  = Reflection  coefficient 


cos6„ 


cosO , 


p,c 


2 '-’2 


COS0, 


PiCl 

COS0  J 


(2.1) 


! I 


L-J 


COS0 


" \<^1  / 


sln^  0 


(2.2) 


where  index  1 applies  to  the  upper  medium  (sea  water)  and  index  2 
applies  to  the  lower  (sediment)  (Fig.  2.1).  The  c*s  are  th;  sound 
velocities  in  the  two  media  and  the  p*s  are  t'^e  densities;  Cg  and 
©2  can  be  complex;  a complex  C2  occurs  for  a lossy  medium,  while 
complex  0.  occurs  for  both  a complex  c and  angles  0,  in  excess 
of  the  critical  angle. 

The  velocity  occurs  in  the  expression  for  a plane  wave 
in  the  form 


-ikg  ZCOS02 


= e 


- ~ ZCOS02 
^ 2 


i I I I 


for  propagation  in  the  -z  direction.  If  the  phase  velocity  in 
medium  two  is  represented  by  Vj  and  the  attenuation  per  unit 
distance  by  a.^y  then  k2  can  be  reexpressed  as  (MacKenzle,  i960) 


k^  = + i«2 


(2.3) 
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V,  X 1 + 

2 


2 -1 


(2.4) 


This  expression  for  Cj  permits  evaluation  of  the  reflection  co- 
efficient (Eq.  2.1)  both  for  arbitrary  phase  velocity  and  attenua- 
tion in  the  lower  medium. 

However,  this  form  of  c^  proves  to  be  unduly  complicated  for 
ocean  sediments,  since  (a2/w)Vj  is  much  less  than  1,  When  attenua- 
tion values  from  Pig.  1 of  Hamilton  (1974)  are  used,  (a^/ui)v^ 
is  less  than  0,. 003,  and  Cj  simplif.^os  to 


c,  = V,  - i(a,/a))  v^ 


(2.5) 


Extensive  measurements  of  phase  velocity  and  attenuation  have 
been  reported  in  the  literature  and  summarized  by  Hamilton  (1974). 
With  firmness,  he  concludes  that  the  phase  velocity  is,  nondlsperslve , 
and  that  shows  dependence  on  the  first  power  of  frequency.  The 
immediate  implication  from  Eqs.  2.4  and  2.5  is  that  c^,  and  hence 
the  reflection  coefficient,  are  independent  of  frequency. 

This  fact  has  an  immediate  bearing  on  the  applicability  of 
the  Modular  Acoustic  System  to  measurements  of  the  spectral  pro- 
perties of  bottom  sediments;  to  the  degree  to  which  Hamilton's 
assessment  is  true,  spectral  measurements  of  reflectivity  would  be 
unproductive.  However,  a series  of  experiments  to  confirm  Hamilton's 
position  would  be  useful,  particularly  in  view  of  the  scatter  in 
the  data  on  which  Hamilton  bases  his  judgment.  Of  even  greater 
interest  would  be  a series  of  spectral  measurements  on  bottom 
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sediments  that  deviate  significantly  from  usual  laboratory  condi- 
tions or  from  the  conditions  encountered  in  many  at-sea  experiments. 
The  highly  porous  sediments  that  result  from  the  burrowing  acti- 
vities of  large  populations  of  living  organisms,  such  as  marine 
worms,  could  provide  the  basis  for  these  experiments. 


I 2.2  The  Porous  Features  of  Sediments 


Investigators  have  been  concerned  with  very  small-scale  poro- 
sity in  sediments  arising  from  the  intermixture  of  water  and  the 
Individual  particles  of  the  sedimentary  material.  The  resultant 
sediments  vary  from  those  that  are  in  large  measure  water  to 
those  partially-consolidated  sediments  that  have  little  pore  water. 

The  most  extensive  theoretical  investigations  are  those  of 
Biot  (1956a, b;  1962a, b),  recently  reexamined  by  Stoll  (197^).  The 
resulting  model  includes  motion  of  the  fluid  relative  to  the 
vlscoelasr.ic  frame,  resulting  in  (1)  an  effective  density  for 
the  water  up  to  three  times  the  normal  density,  and  (2)  viscous 
loss  in  the  fluid  due  to  boundary  layer  flow.  Later  refinements 
added  the  viscous  effects  of  solid  grains  rubbing  against  one 
another.  The  net  result  is  a theoretical  prediction  of  a vs 
frequency  showing  a 2nd-power  dependence  at  low  frequencies  and 
a 1/2-power  dependence  at  high  frequencies  for  high-permeability 
sediments  such  as  sands  and  turbidites  (Stoll,  Figs.  2 and  3, 
197^).*  The  pore  sizes  assumed  in  Stoll’s  calculations  were 

« 2 « 4 

10  to  10  cm.  Phase  and  group  velocities  are  also  predicted 
by  this  theory. 


*These  power  laws  are  modified  when  viscous  effects  in  the  solid 
are  included. 
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The  formalism  Is  elegant  and  has  been  profitably  applied  to 
the  interaction  of  air  with  porous  materials  (Morse  and  Ingard, 
1968;  Galaltsis  and  Ingard,  197^;  Nolseux  et  al.,  1975).  Yet  it 
is  this  viscoelastic  model  for  ocean  sediments  that  Hamilton  (1974) 
dismisses  when  he  re^'•lews  actual  measurements  of  and  Uj.  Ap- 
parently, the  fluid  does  not  move  relative  to  the  frame,  and  thus 
losses  from  this  source  do  not  occur. 

There  is  another  type  of  porosity  that  has  not  been  examined, 
however.  This  porosity  is  the  result  of  the  presence  of  tubular 
structures  in  the  surflcial  layers  of  the  sediments,  created  by 
marine  organisms  such  as  polychaetes  and  pogonophorans . These 
tubes  penetrate  the  surface  and  are  often  of  much  larger  diameter 
than  the  pores  considered  by  Stoll.  Thus,  it  is  quite  possible 
that  there  could  be  significant  motion  of  the  fluid  relative  to 
the  frame  and,  hence,  loss.  As  the  densities  of  the  numbers  of 
these  animals  can  be  high  (creating  sediments  said  to  look  like 
Swiss  cheese),  the  effect  of  numerous  tubes  could  be  significant. 

Biot’s  (1956a, b)  theoretical  analysis  has  direct  applica- 
bility, since  one  of  the  pore  types  he  considers  is  a cylindrical 
tube.  We  will  see  below  that  the  frequency  dependence  of  viscous 
losses  in  a tube  is  dependent  on  its  diameter;  the  smaller  the 
diameter,  the  higher  the  frequency  at  which  peaks  in  the  loss  per 
cycle  occur.  Thus,  the  tubes  that  are  smaller  in  diameter  and 
shallower  will  be  associated  with  structure  in  attenuation  and 
dispersion  at  higher  frequencies.  The  diameter  of  these  tubes 
is  much  larger  than  that  of  the  pores  normally  found  in  uncon- 
solidated sediments,  and,  hence,  may  show  the  dispersive  effects 
not  seen  in  normal  sediments. 
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2.3  Living  Organisms  and  Marine  Sediment  Porosity 

Sedimentary  Infauna,  including  tube-building  species,  have 
been  studied  extensively  in  shallow  water  environments,  where 
many  investigators  have  devoted  their  professional  careers  to  the 
taxonomic  description  of  the  fauna  and  more  recently  to  important 
factors  affecting  faunal  distribution  into  communities  and  the 
resultanc  flow  of  energy  (Rhoads  and  Young,  1970;  Aller  and  Dodge, 
197^).  The  same  questions  have  been  examined  in  the  deep  sea 
(Rowe,  1971/1972;  Grassle  et  1975),  although  far  less  is  known 

there.  A recent  review  (Rowe,  197^)  contains  a number  of  relevant 
comments.  For  instance,  Rowe  notes  that  the  predicted  great  de- 
crease in  standing  stock  and  in  the  rates  of  life  processes  in 
the  deep  sea  are  violated  in  a number  of  areas  where  activity  is 
great.  In  this  respect,  we  consider  two  types  of  deep-sea  creatures: 
polychaetes  and  pogonophorans . Though  each  type  is  different  in 
its  evolution  and  behavior,  each  lives  in  a tube,  and  each  has 
representative  species  that  are  known  to  be  in  population  densities 
high  enough  to  create  porous  sediments.  For  instance,  Fauchald 
(1975)  notes  that  a polychaete,  Hyalinoeoia,  can  have  immense  den- 
sities, perhaps  attributable  to  its  feeding  pattern,  since  it  is 
a scavenger  of  large  carcasses. 


i 

j 


1 

i 


I 


i 


Ivanov  (1963),  who  has  studied  pogonophorans  in  great  detail, 
writes  that  they  "are  numbered  amongst  the  rather  common  animals 
of  the  oceans.  They  are  found  in  nearly  all  seas."  Some  idea  of 
the  density  of  these  unusual  animals  is  given  by  the  experience 
of  scientists  on  the  British  ship,  R.R.S.  DISCOVERY  II,  who,  while 
sampling  the  ocean  bottom,  discarded  many  tons  of  a matlike  material 
facetiously  called  gubblnldae.  Careful  consideration  after  the  I 

fact  showed  the  gubblns  to  be  pogonophorans  and  their  tubes  (Car-  J 

lisle,  1963).  J 
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Overall,  the  density  of  the  ocean  bottom  infauna  is  highly 
variable;  Hyatinoeoia  populations  range  from  very  small  to  im- 
mense (Pauchald,  1975).  Fortunately,  investigators  have  some 
idea  of  the  effects  of  these  populations  on  sediments.  The  shapes 
of  excavations  for  shallow  water  species  have  been  described  and 
classified  (Sellacher,  1964),  and  the  effects  on  the  mechanical 
properties  of  the  sediments  observed  (Rhoads  and  Young,  1970; 

Pager,  1964).  Hyatinoeeia  and  the  pogonophorans  with  their  per- 
sistent tubes  probably  strengthen  the  sediment,  while  others 
weaken  it  by  their  sediment-overturning  actions  (Rowe,  1974). 

Table  1 in  Rowe  is  a ready  summary  of  these  effects.  However, 
even  those  worms  that  strengthen  the  sediments  induce  considerable 
variance  in  the  geotechnical  parameters  (A.  Richards,  cited  in 
Rowe,  1974). 

The  persis'^ence  of  tubes  can  be  variable.  The  tubes  of  some 
species  decay  within  weeks  of  being  abandoned  (Pager,  1964),  while 
the  tubes  of  Hyalinoeaia  can  last  20  or  30  years  (Pauchald,  1975). 
High  persistence  of  tubes,  provided  they  do  not  fill  with  silt, 
implies  a far  greater  effect  on  the  porosity  of  the  sediments  than 
one  might  predict  on  the  basis  of  the  actual  population  of  worms 
at  any  given  time.  Tubes  in  shallow  wate^"  may  be  destroyed  by 
predators  whJ ch  might  net  be  active  in  the  deep  sea  [e.g.,  the 
rays  mentioned  in  Pager  (1964)].  Pogonophoran  tubes  are  made  of 
a cellulose  (Hyman,  1959).  The  persistence  of  this  material, 
which  has  the  consistency  of  soft  leathor,  would  depend  on  the 
biological  acti''^lty  of  the  surroundings. 

The  depth  of  tubes  is  another  important  variable  in  predicting 
acoustic  effects.  Many  of  these  tube-builders  are  of  great  length 
compared  to  their  diameter.  The  depths  of  their  tubes  are  usually 
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limited  to  a small  multiple  of  body  length.  This  Implies  only  a 
few  centimeters  for  smaller  species  to  meters  for  huge,  but  prob- 
ably rare,  individuals.  Bezrukov  and  Romankovic  (i960)  cite  deep- 
sea  worms  with  tubes  up  to  m long.  Myatino^oia  tubes  are  up  to 
30  cm  iong.  Pauchald  (1975)  states  that  they  are  buried  in  the 
sediment.  A contrary  view  is  found  in  the  photographs  of  Wlgley 
and  Emery  (1967),  where  the  tubes  are  shown  lying  on  the  bottom. 
However,  these  may  be  areas  where  Hyalinoeoia  has  scavengedj 
Pauchald  (1975)  has  observed  Hyalinoeoia  dragging  their  tubes 
toward  a newly-placed  carcass. 

Pogonophorans  have  a higher  tube  iength-to-dlameter  ratio. 

The  smallest  species,  Siboglinum  minutemy  has  a tube  0.1  mm  in 
diameter  and  up  to  15  cm  long  (Ivanov,  1963)*  The  largest  species 
is  Zenkevitohiana  longiaaima  y which  '■as  tubes  15O  cm  long  (Ivanov, 
1963) . 

Tube  depth  in  some  instances  may  exceed  these  figures.  If 
turbidity  currents  with  a high  sediment  load  bury  a region  sud- 
denly, there  may  be  sequential  layers  of  tubes  with  only  the  top- 
most layer  containing  living  organisms. 


Although  we  have  concentrated  on  tube-building  organisms,  we 
should  mention  the  other  types  which  can  be  important  in  modifying 
sediments.  There  are  numerous  species,  known  as  deposit  feeders, 
which  ingest  sediments.  Some  of  these  vertically  grade  the  sedi- 
ments they  Ingest  (Rhoads  and  Stanley,  1965)  and  may  modify  the 
sediment  granularity  for  short  periods  through  their  feces  (Rhoads, 

1963) . 


The  changes  in  granularity  and  addition  of  pore  water  by  the 
action  of  the  deposit  feeders  will  change  the  sediment  impedance 
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I by  changes  in  both  density  and  sound  velocity.  These  changes  will 

I result  In  changes  In  the  reflectivity  coefficient  from  area  to 

I area.  In  a given  area,  however,  there  is  some  question  whether 

I there  will  be  any  variation  with  frequency  In  the  reflectivity, 

? Tor  the  changes  created  by  the  deposit  feeders  are  Just  changes 

; in  the  porosity  due  to  sediment  grain  size,  and  it  Is  this  porosity 

i which  Hamilton  has  claimed  is  not  dispersive,  as  we  have  discussed 

I above. 

i' 

r The  tube  builders  and  the  deposit  feeders  comprise  a large 

J portion  of  the  deep-sea  infauna,  or  those  animals  that  live  in  the 

>1. 

I sediment.  Others,  known  as  the  epifauna,  live  on  or  Just  above 

the  surface.  The  importance  of  epifauna  lies  more  in  modifications 
they  make  in  the  surface  shape  itself,  and,  hence,  in  the  scatter- 
; ing  of  acoustic  energy  at  wavelengths  comparable  to  the  size  of 

these  disturbances.  For  Instance,  the  lobster  Homarua  amsrioanua 
(Rowe,  197^)  and  the  crab  Gevyon  quinquedena  (Grassle  et  at.j 
V 1975)  create  large  craters  in  sediments,  and  at  l800-m  depths  on 

: the  Gay  Head-Bermuda  transect  many  species  contribute  to  small- 

scale  relief  in  the  bottom  (Grassle  et  aZ.,  1975). 


2.4  Dispersive  Characteristics  of  Porous  Media 

Blot's  theoretical  studies  on  porous  media  (1956a, b,  1962a,  b) 
provide  a basis  for  determining  the  dependence  of  phase  and  group 
velocities  and  of  attenuation  on  frequency.  Central  to  this  deter- 
mination is  the  characteristic  frequency  f , that  frequency  at 

c 

which  viscous  force  caused  by  boundary  layer  flow  of  the  fluid  over 
the  surface  of  the  pores  is  comparable  to  the  inertial  force  as- 
sociated with  the  acceleration  of  the  fluid  mass  within  the  pore. 

Biot  has  evaluated  f^  for  motion  through  sinuous  tubes  (1956b,  i 


14 


Report  No.  3110 


Bolt  Beranek  and  Newman  Inc. 


Eqs . 4.26  and  4.34),  the  ^re^,;  problem,  we  are  consluering: 


f 


c 


_8_ 

3iT  a* 


(2.6) 


where  a is  the  tube  radius,  v Is  the  kinematic  vlscoclty  of  the 
fluid,  and  ^ is  a factor  Introduced  ad  hoa  to  account  for  slnuousity. 
Blot  assumes  C lies  in  or  near  the  range  of  1 to  1.5. 


For  water  at  O'-’C,  v * 1.792  10“^  (Condon  and  Odlshaw,  1967).  |1 

Setting  C • 1.5,  we  get  for  f^:  ii 

TABLE  2.1.  CHARACTERISTIC  FREQUENCY  OF  TUBES  I 


a in  cm 

10-^ 

3 10“  * 

5 X 10“^ 

10"  ^ 

10"^ 

1 

f in  Hz 
c 

23,000 

2500 

910 

230 

2.3 

^ 

0.023 

We  will  examine  the  significance  of  f^  after  discussing  the  !| 

waves  generated  in  the  porous  medium.  Three  waves  are  possible  || 

(two  longitudinal  and  one  transverse** ) that  involve  coupled  motions  i'| 

of  the  fluid  and  the  supporting  solid  matrix,  i.e.,  the  sediment.  :.j 

The  longitudinal  wave  of  the  first  kind  (using  Blot’s  terminology) 
is  the  faster  of  the  two  longitudinal  waves  and  is  one  where  fluid  i 

motion  and  matrix  motion  are  in  phase.  For  certain  relative  values 
of  some  of  the  density  and  elastic  parameters  of  the  solid-fluid  I 

system,  these  two  motions  are  of  the  same  amplitude,  and  viscous  I 

attenuation  in  the  fluid  goes  to  zero.  This  condition,  known  as  • 

dynamic  compatibility,  seems  unlikely  to  occur  very  often.  In  -I 

the  longitudinal  wave  of  the  second  kind,  the  velocity  is  slower,  | 

■i 

■ i 

i i 


**Blot  calls  the  longitudinal  waves  dilatatlonal  and  the  trans- 
verse waves,  rotational. 
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and  the  motions  of  fluid  and  solid  are  opposite  in  phase,  resulting 
in  much  larger  fluid  viscous  losses. 

Thus,  a plane  wave  incident  on  the  medium  from  the  water  can 
excite  three  rather  than  the  usual  two  waves  in  the  solid  medium. 

We  will  examine  the  experimental  consequences  of  this  In  the  sub- 
section on  reflectivity  at  oblique  incidence. 

The  characteristic  frequency  f^  is  a convenient  frequency  with 
which  to  describe  the  shapes  of  the  velocity  and  attenuation  curves. 
For  Instance,  attenuation  per  cycle  of  transverse  waves  and  longi- 
tudinal waves  of  the  first  kind  peak  at  frequencies  between  one 
and  two  times  the  characteristic  frequency.  Phase  and  group  velo- 
cities of  all  three  waves  become  nondispersive  at  very  high  fre- 
quencies relative  to  f . f or  some  small  integral  multiple  of  it 
is  the  frequency  at  which  phase  and  group  velocity  curves  vs  fre- 
quency show  a knee  separating  the  low-frequency  regions  where  they 
are  sharply  dispersive  and  the  intermediate  frequency  regions 
where  they  are  more  slowly  dispersive. 

For  frequencies  many  times  f , the  attenuation  a of  all  three 

V ^ 

waves  becomes  proportional  to  f^,  while  the  phase  velocity  becomes 
Independent  of  frequency.  Examination  of  Eqs.  2.^  and  2.5  shows 
that  the  complex  sound  velocity  c^  is  then  dependent  on  frequency 
(to  the  -1/2  power)  and  hence  the  reflection  coefficient  will  be 
frequency  dependent.  Some  features  of  the  dependence  can  be  in- 
ferred from  Eq . 2.1  for  |V|,  although  it  is  correct  only  for  one 
longitudinal  wave  in  the  sedimentary  me-''  'm  and  not  for  the  three 


waves  that  actually  occur.  For  Instar 


if  we  represent  a,  = kf' 


use  Eq.  2.5  for  c^,  and  set  0^  = 0 for  normal  incidence,  then 
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(pjV^-PjGi )“  + k^f"Vp2 

(pjVj+pjCj  )2  + k*f"*p2 


h 


This  expression  asymptotically  approaches 


(P,V;-PlC,) 

(p^v^+PjC^) 


(2.7) 


from  above  as  frequency  is  increased. 

Determination  of  the  reflection  coefficient  for  porous  media 
requires  matching  the  boundary  conditions  simultaneously  for  the 
three  waves.  That  calculation  has  not  been  carried  out,  al- 
though this  would  need  to  be  done  prior  to  any  successful  compari- 
son of  acoustic  measurements  with  sediment  properties.  The  re- 
flection coefficient  vs  frequency  has  been  computed  for  the  much 
simpler  situation  in  which  the  sediment  matrix  is  considered  rigid, 
so  that  only  one  wave,  the  fluid  longitudinal  wave,  is  created. 
Equation  6.3.16  from  Morse  and  Ingard  (1968)  is  used  for  the 
reflection  coefficient 

P^c  (w  + l$/p  )cos0  - p.c,  (w^cos^e  + lw$/p„)'^ 

V = -2-£ 2 J L_! ? 2_  (2.8) 

P c (w  + i$/p  )cos0  j + p^c  j (w^cos^02  + iw<J>/p  )'^ 

P P P P 


where  Pp  is  the  effective  density  of  che  fluid  in  the  pores  and 
is  some  small  multiple  of  the  actual  density  pgj  Cp  = 1/ppiCpft, 
wave  velocity}  k is  the  effective  compressibility  of  the  fluid 
fi  is  the  porosity  of  the  sediment  (fraction  occupied  by  water); 
4>  is  the  viscous  loss  parameter,  proportional  to  the  absolute 
viscosity;  and  Oj,  the  refracted  angle,  is  given  by 


the 


cos^0^  = 1 _ (Cp/c j ) ^sin^O 1 . 
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The  calculation  Is  plottv'?d  in  Pig.  2.2  for  values  of  and 
4>  chosen  to  bring  the  structure  in  reflectivity  within  the  frequency 
range  of  the  Modular  Acoustic  System.  It  can  be  seen  that  the 
variation  with  frequency  is  strong  and  that  the  structure  is  de- 
pendent on  the  angle  of  incidence. 

The  conclusion  is  that  reflectivity  will  show  a small  depen- 
dence on  frequency  for  frequency  ranges  well  above  the  characteris- 
tic frequency  and  will  show  sharper  structure,  for  ranges  spanning 
the  characteristic  frequency. 

2.5  Spectral  Measurements  of  Reflectivity 

What  we  might  hope  to  see  in  a specti*al  measurement  of  ocean 
sediments  is  dependent  on  where  f^  lies-,  in  relation  to  the  frequency 
range  of  the  Modular  Acoustic  System  (2  to  '^5  kHz)  for  tubes  of 
living  organisms.  We  will  discuss  the  sites  of  possible  experi- 
ments in  more  detail  in  Sec.  2.11.  For  the  moment,  let  us  consider 
three  sizes  of  tubes.  Rowe  (1975)  has  been  investigating  a region 
with  a high  density  of  abandoned  tubes  that  are  about  1 c;;i  in 
diameter.  Hyalinoeoia  tubes  are  about  0.3  cm  in  diameter,  while 
the  smallest  pogonophoran  tubes  are  0.1  mm  In  diameter.  The 
characteristic  frequency  for  the  first  two  (Table  2.1)  is  well 
below  the  lowest  frequency  of  the  acoustic  system,  and  so  a spectral 
measurement  of  i-ef lectlvity  would  show  only  slowly  varying  struc- 
ture with  frequency  or  perhaps  no  structure  if  the  asymptotic 
value  had  been  reached.  However,  f^  for  the  small  pogonophoran 
tube  is  about  1000  Hz,  so  that  strong  structure  could  be  expected 
to  lie  within  the  frequency  range  of  the  system.  Measurement  of 
that  structure  could  in  turn  be  related  to  the  parameters  des- 
cribing the  porous  system.,  namely  the  density  (Pij,  Pi2>  ^22^ 
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and  elasticity  parameters  (P,Q,R)  (Biot,  1956a),  which  are  both 
relatable  to  the  porosity  (fi)  of  the  solid-fluid  system.  Re- 
flectivity measurements  conducted  at  normal  incidence  would  aid 
in  determining  these  parameters,  which  could  be  supplemented 
profitably  by  measurements  at  oblique  Incidence.  The  elasticity 
parameters  can  be  determined  independently  in  static  tests 
(Stoll,  197^). 


2.6  Reflectivity  at  Oblique  Incidence 


Since  the  Modular  Acoustic  System  uses  the  same  transducer 
as  source  and  receiver,  it  measures  backscatter  rather  than  re- 
flectivity, except  at  normal  Incidence.  Thus,  for  measurements 
of  x'efleativity  vs  angle,  additional  instrumentation,  including 
a receiving  hydrophone,  must  be  mounted  separately  from  the 
submarine.  Such  a package  would  have  to  be  deployed  separately 
and  buoyed  up  from  the  bottom.  However,  the  additional  information 
available  at  oblique  incidence  is  valuable  enough  for  us  to  dis- 
cuss it  here,  despite  these  instrumental  problems. 

Measurements  of  reflectivity  as  a function  of  the  angle  of 
incidence  should  show  multiple  peaks  corresponding  to  the  different 
waves  excited  in  the  porous  sediment;  the  angular  position  of 
those  peaks  should  indicate  the  sound  velocity  of  the  wave  to 
which  it  corresponds.  To  see  this,  we  consider  Eqs.  2.9,  2.10, 
and  2.11  (Brekhovskikh,  I960,  Eqs.  4.18,  4.25,  4.26).  These  de- 
scribe the  reflection  coefficient  for  a wave  Inuldent  from  fluid 
onto  a solid  capable  of  supporting  both  a transverse  and  a longi- 
tudinal wave.  While  they  do  not  Include  the  effect  of  the  two 
longitudinal  waves  found  in  porous  media,  we  can  infer  some  of 
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the  qualitative  effects  of  multiple  wayes  in  porous  media  upon 
the  reflectivity  coefficient.  These  equations  are 


Z2j^cos^202^  + Z2^sin^202|  - 2^ 
Z2£COS^202^  + ^ ^1 


for  the  reflection  coefficient  where  the  i.jpedances  are 


(2.9) 


P c 
cosG  1 


^2^2 


‘21 


CCS0 


21 


(2.10a) 


(2.10b) 


1 


pjb 


2 2 


'2t 


COS0 


2t 


and  Snell’s  law  is  given  by 


sinG 


sinO 


2J  slne.,^ 


(2.H) 


As  before,  the  subscript  1 indicates  the  fluid  medium  of  the  in- 
cident wave  and  subscript  2 the  solid  medium  of  the  refracted  waves 
The  subscripts  i and  t refer  to  longitudinal  and  transverse  waves, 
so  that  ©2^  is  the  direction  of  the  refracted  transverse  wave, 
measured  relative  to  the  surface  normal,  is  the  longitudinal 

wave  velocity,  while  b^  is  the  transverse  one. 

Let  us  consider  what  happens  to  |V|  as  0j  is  increased  from 
zero.  Cj  will  generally  be  greater  than  so  that  the  critical 
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angle  corresponding  to  the  longitudinal  wave  is  encountered  first. 

At  this  angle  6^^^  = 90°,  becomes  Infinite  and  |V|  « 1 giving 
the  first  peak  (actually  a cusp).  For  6j  greater  than  this  critical 
angle,  Z^^i^  is  Imaginary,  and  1V|  decreases  from  1,  since  the  real 
parts  of  the  numerator  and  denominator  in  the  V equation  are  not 
equal.  If  bj  is  less  than  there  will  be  no  second  peak  in  V. 
However,  if  is  greater,  then  at  some  0^,  * 90°,  sln^262^/ 

cose^t  = ^ cosQ2t  “ since  the  imaginary 

parts  of  the  numerator  and  denominator  are  equal,  as  are  the  real 
parts  (except  for  sign).  For  6^  greater  than  this  second  critical 
angle,  both  and  Z^^  are  imaginary,  complex  and  both 

sin^202t  and  cos2202^  real,  so  that  |V|  = 1.  Thus,  [Vj  reaches 
a second  maximuin  at  the  second  critical  angle.  Substituting 
the  critical  angles  in  Snell's  law,  together  with  02^  = 90°  or 
0 = 90°  as  appropriate,  gives  the  sound  velocities  b^  and  C2. 

A similar  peaking  in  |V|  can  be  expected  when  the  three  waves 
of  porous  media  are  present,  except  that  there  should  be  three 
peaks,  permitting  as  above  the  determination  of  the  three  sound 
velocities.  However,  this  development  has  ignored  attenuation. 

The  effect  of  attenuation  is  to  reduce  V below  1 except  at 
0j  = 90°;  the  peaks  will  be  flattened  somewhat  and  possibly 
obliterated  if  the  attenuation  is  high  enough  (Brekhovsklkh,  i960. 
Fig.  8,  p.  20;  MacKenzle,  I960,  various  figures). 

These  ideas  are  applicable  to  the  Modular  Acoustic  System, 
since  its  transducer  mount  is  trainable  in  azimuth  and  elevation. 
Provided  attenuation  is  not  too  great  (and  prior  to  actual  measure- 
ments we  cannot  really  say  how  large  it  will  be),  the  sound  velo- 
cities of  the  three  can  be  determined  by  observing  the  three  peaks. 
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These  velocities  in  turn  are  relatable  to  the  characteristics 
of  the  porous  medium  (density  and  elasticity  terms),  and  hence  to 
the  effects  of  the  tubes.  Since  parameters  of  the  porous  medium 
will  differ  from  site  to  site  as  the  tubes  and  their  density  change, 
changes  in  the  structure  of  reflectivity  vs  angle  can  be  expected. 

In  addition,  dramatic  effects  should  occur  for  those  cases 
(e.g.,  small  pogonophorans ) where  the  characteristic  frequency  is 
within  the  band  of  the  Modular  Acoustic  System.  Figures  11  and  12 
of  Blot  (1956b)  show  the  changes  in  the  two  longitudinal  velocities 
with  frequency.  Comparing  a measurement  of  reflectivity  vs  angle 
at  two  different  frequencies,  provided  they  were  near  f , should 
show  a shift  in  the  location  of  the  peaks.  In  fact,  for  some  fre- 
quencies, the  longitudinal  wave  of  the  second  kind  might  have  a 
wave  velocity  less  than  that  of  the  water,  so  the  third  peak  might 
not  occur.  As  frequency  is  raised  and  the  phase  velocity  increases, 
the  third  peak  might  appear  as  the  velocity  exceeded  that  of  water. 

2.7  Spherical  Wave  Modifications  to  the  Plane  Wave  Approximation 

The  reflectivity  coefficients  discussed  above  are  computed 
using  a plane  wave  approximation.  However,  in  many  experiments  . 
ALVIN  might  be  so  near  the  bottom  that  this  approximation  would 
not  be  valid.  We  are  then  required  to  consider  the  modifications 
to  the  theory  of  reflectivity  when  the  wave  front  is  spherical. 

This  situation  may  occur  in  many  practical  Instances,  since  one 
of  ALVIN'S  special  advantages  is  its  ability  to  come  close  to 
areas  of  interest. 

As  in  so  much  of  this  work,  Brekhovskikh ' s presentation  is 
the  most  complete  and  physically  instructive  (I960,  Chap.  IV). 
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The  spherical  wave  Is  expanded  into  a set  of  plane  waves,  both 
homogeneous  and  inhomogeneous  (the  latter  implying  attenuation 
with  depth),  and  the  reflection  coefficient  determined.  The  re- 
flection coefficients  computed  from  plane  wave  theory  are  correct 
for  the  spherical  waves  except  near  critical  angles,  provided 
(dRj/Cj  Is  much  greater  than  1,  where  Rj^  is  the  distance  from  the 
point  of  specular  reflection  on  the  surface  to  the  receiver.  This 
is  generally  easy  to  attain  even  for  the  lowest  frequency  of  the 
system,  2 kHz;  for  a R^  value  of  2 m,  wRj/ci  ^ 16.8. 

Brekhovsklkh  gives  a correction  term  to  the  reflection 
coefficient  V(0i)  (I960,  Eqs.  19-36,  19.37)  which  is 

i/2[V"(0j  + V’(0^)  cot0^]/(o)Ryc^)  . (2.12) 

This  is  generally  small  so  that  we  can  use  the  plane  wave  reflection 
coefficient  to  describe  the  medium.  However,  at  the  critical 
angle,  V"  is  largej  if  the  solid  is  lossless,  V"  will  be  Infinite, 
since  V has  a cusp  at  the  critical  angle. 

Fortunately,  Brekhovsklkh  has  reexamined  the  approximation 
. jading  to  the  correction  term  cited  above  by  carrying  out  another 
approximate  solution  valid  in  the  vicinity  of  the  critical  angle 
(1  jO,  Sec.  22,  Eqs.  22.19,  22.20). 

This  work  yields  a more  precise  statement  of  how  close  0j 
can  be  to  the  critical  angle  0j(crlt)  and  still  have  the  plane 
wave  reflection  coefficient  be  valid.  This  statement  is 


(ojRj/Cj)  [0j  - e^(crlt)]  >>  1 


(2.13) 
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and  Is  valid  for  9 ^ both  less  than  and  greater  than  the  critical 
angle.  If  we  consider  10  to  be  much  greater  than  1,  and  if  9j 
is  no  closer  than  2°  to  the  critical  angle,  then  Ri  must  be  980  m 
at  2 kHz  and  ^^4  m at  ^5  kHz.  If  the  deviation  exceeds  5°j  Rj 
must  be  at  least  156  m at  2 kHz  and  7 m at  45  kHz. 

If  this  condition  is  not  satisfied,  then  the  reflected  energy 
is  not  described  by  the  plane  wave  reflection  coefficient.  The 
correct  reflection  coefficient  is  (Brekhovsklkh,  Eq.  22.19) 


V = 1 - 


4c  j pj  e 


ifr/S 


sln26  j ( crit ) 


+ ... 


(2.14) 


where 


n=  ^R.  am 


[9j-0j (crlt)] 
2 


(2.15) 


At  an  angle  of  incidence  equal  to  the  critical  angle  (n  = 0),  the 
reflection  coefficient  is  reduced  from  1 as  shown  by  the  second 
term  in  the  equation  above,  arising  from  the  creation  of  the 
lateral  wave,  which  propagates  along  the  surface  but  attenuates 
quickly  with  depth.  For  this  second  term  to  be  ignored  (a)Rj/2Ci)‘' 
must  be  much  greater  than  1.  This  is  a far  more  stringent  condition 
than  that  Imposed  earlier  that  ojRj/Cj  be  much  greater  than  1.  For 
( uoR j /2c  j to  be  equal  to  10,  Rj  must  be  2390  m at  2 kHz  and  106  m 
at  45  kHz. 


These  considerations  show  that  we  must  consider  the  spherical 
nature  of  the  wave  front  in  evaluating  reflection  coefficients 
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near  critical  angles  In  many  cases  where  ALVIN  is  within  100  to 
1000  m of  the  reflecting  surface.  This  need  not  be  a disadvantage. 
For  Instance,  at  n “ 0 we  could  carry  out  a sequence  of  experi- 
ments, varying  either  range  (R,)  or  frequency  ((o)  and  observe  the 
variation  In  reflection  coefficient  predicted  by  Eq.  2.14.  A 
regression  fit  to  the  data  would  then  yield  the  impedance  ratio 


There  is  the  possibility  of  an  interesting  theoretical  investi- 
gation if  one  were  to  incorporate  the  effects  of  attenuation  in 
Brekhovsklkh’s  approach.  For  Instance,  his  Eqs . 19.36  and  19.37, 
cited  earlier,  break  down  because  of  singularities  in  V’  and  V; 
attenuation  removes  the  cusps  from  the  V curves  and  hence  eliminates 
the  singularities.  Under  these  conditions,  the  plane  wave  approxi- 
mation may  be  valid  much  closer  to  the  critical  angle  than  is 
predicted  for  the  lossless  case. 

2.8  The  Layer  Thickness  Created  by  Tube-Building  Marine  Organisms 

The  thickness  of  the  porous  layer  created  by  tube-building 
marine  organisms  may  vary  from  a few  centimeters  to  a maximum  of 
a few  meters  for  the  largest  species.  The  wavelength  in  water  of 
the  frequencies  of  the  Modular  Acoustic  System  vary  from  0.75  m 
(2  kHz)  to  3.3  cm  (45  kHz).  Thus,  the  porous  layers  must  be  viewed 
as  thin  layers,  which  nonetheless  can  be  expected  to  have  an  effect 
on  the  reflection  properties  of  the  bottom.  If  all  tubes  stop 
suddenly  at  some  depth,  an  unlikely  occurrence,  then  there  will  be 
a discontinuous  change  in:  .the  properties  of  the  sediment,  and  the 
layer  will  be  like  a thin  film  such  as  found  in  quarter-  and  half- 
wave plates,  resulting  in  Interference  effects.  It  is  more  likely 
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that  the  population  of  tubes  will  vary  with  depth  resulting  In 
a continuous  change  in  the  sediment  properties.  If  this  variation 
Is  slow  enough,  the  WKB  approximation  will  hold;  this  states  that 
the  medium  is  understandable  within  the  framework  of  geometrical 
optics,  and  that  the  sound  rays  will  be  refracted,  but  not  re- 
flected, as  they  penetrate  the  sediment.  If  the  population  varies 
radically  at  various  depths,  there  will  be  some  reflection  from 
each  depth  Increment,  the  amount  of  reflection  being  heavily  de- 
pendent on  the  shape  of  the  sound  velocity  profile  and  angle  of 
incidence  (Brekhovsklkh,  I960,  Chap.  Ill,  esp.  Pigs.  76,  77). 

This  reflected  energy  will  be  in  addition  to  that  from  the  inter- 
face. Prior  to  acoustic  measurement  and  a more  detailed  under- 
standing of  tube  population  with  depth,  we  cannot  say  which 
approach  is  appropriate.  Brekhovsklkh  provides  the  theoretical 
framework  for  each  of  these  models.  However,  closed  solutions 
are  possible  for  only  a very  limited  set  of  profiles,  so  that  it 
may  not  be  possible  to  model  the  actual  situation  as  exactly  as 
one  might  wish. 

2.9  Determination  of  the  Reflection  Coefficient 

The  reflection  coefficient  is  defined  as  the  fraction  of  the 
incident  energy  of  a plane  wave  that  is  returned  as  a second  plane 
wave  in  the  specular  direction.  The  plane  wave  is  a wave  of  in- 
finite extent  in  both  space  and  time.  The  problems  arising  from 
the  spherical  nature  of  actual  wavefronts  were  discussed  previously. 
There  are  additional  problems  arising  from  a combination  of  the 
short  pulse  length  of  the  Incident  acoustic  energy  and  the  beam- 
pattern  of  the  transducer.  This  results  in  the  actual  Insonlfied 
area  being  a function  of  both  incident  angle  and  of  time.  Since 
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beampattern  is  a function  of  frequency,  the  Insonlfled  area  will 
vary  with  frequency  as  well.  These  geometric  factors  must  be 
taken  into  account  if  reflectivity  is  to  be  computed  accurately. 
Urick  (1967>  p.  195)  gives  a formula  appropriate  for  grazing 
incidence.  The  more  general  case  of  arbitrary  incidence  is  not 
easily  determined  analytically,  but  can  be  computed  numerically. 
Urick  and  Hoover  (1956)  give  useful  nomograms  as  functions  of 
distance  from  the  surface,  pulse  length  and  transducer  beamwldth 
and  axis  angle. 

2.10  The  Mechanical  Properties  of  Sediments 

There  is  an  alternative  approach  to  the  effects  of  tubular 
inclusions  in  sediments.  Using  a self-consistent  approximation 
for  the  energy  of  crack  and  needle  inclusions  in  a solid  matrix, 
various  investigators  (Walpole,  1969,  Wu,  1966;  Budiansky  and 
O’Connell,  1975;  O'Connell  and  Budiansky,  197^)  have  computed  the 
modifications  to  the  elastic  constants  created  by  the  inclusions. 
The  work  of  O’Connell  and  Budiansky  is  the  most  recent  and  most 
complete . 

All  these  efforts  are  "DC"  approaches  which  ignore  the  motion 
of  fluid  in  the  pores  and  the  effects  of  frequency.  However,  since 
they  are  formulated  in  terms  of  the  elastic  constants,  they  pro- 
vide a good  base  for  a study  of  the  mechanical  (also  called  geo- 
technical) properties  of  the  sediments. 

O’Connell  (1975)  has  computed  aross-ovev  frequenoiss  ^ above 
which  fluid  in  one  crack  or  tube  is  unable  to  transfer  to  another 
crack  or  tube.  The  transfer  mechanisms  he  considered  are  (1) 
passage  of  the  fluid  through  the  permeable  solid  between  cracks 
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and  (2)  passage  at  the  intersection  of  cracks.  In  both  cases, 
he  estimates  the  frequency  to  be  in  the  range  of  1 to  10  kHz 
(the  range  of  our  Modular  Acoustic  System);  although  he  feels  the 
calculation  is  inexact,  so  that  these  frequencies  could  be  off 
by  one  or  even  two  orders  of  magnitude.  Whatever  the  value  of 
the  cross-over  frequency,  it  is  a demarcation  of  frequency  regions 
where  attenuation  mechanisms  differ,  and  hence  is  a frequency 
where  reflectivity  could  change.  We  await  the  publication  of  his 
work  for  possible  inclusion  with,  and  modification  to,  the  theories 
of  Blot  described  above. 


This  work  also  suggests  combined  geotechnical  and  acoustic 
measurements,  where  the  geotechnical  parameters  are  measured  by 
mechanical  means  and  the  longitudinal  and  transverse  wave  velo- 
cities are  determined  acoustically.  These  acoustically  determined 
velocities  could  then  be  compared  with  those  computed  from  the 
geotechnical  measurements. 


2.11  Experimental  Sites 

The  choice  of  specific  sites  in  which  to  examine  the  acoustic 
effects  of  marine  organisms  on  the  sediments  is  difficult  because 
of  the  limited  information  on  densities  in  the  deep  sea.  If  a 
study  of  the  effect  of  a particular  species  is  desired,  the  depth 
range  in  which  it  is  found  can  be  determined  from  Menzles,  George, 
and  Rowe  (1973),  who  discuss  faunal  geographic  patterns  extensively. 
However,  this  text  cannot  be  counted  on  to  provide  an  exact  lati- 
tude and  longitude  where  densities  are  high.  Such  determinations 
must  come  from  the  personal  experience  of  individual  benthic 
ecologists,  based  on  their  sampling  of  the  deep.  The  areas  which 
we  mention  below  are  based  mainly  on  conversations  with  benthic 
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experts  at  Woods  Hole  Oceanographic  Institute  and  should  be  viewed 
only  as  examples. 

Rowe  (1975)  told  us  of  an  area,  east  of  Hudson  Canyon  in  2000 
to  3000  m of  water,  which  has  the  appearance  of  a fossil  shallow- 
water  mud  flat.  Tubes  of  high  density  stand  vertically  off  the 
bottom  like  organ  pipes.  The  animals  now  living  in  them  are  not 
those  that  would  have  created  them.  The  area  is  fossilized  in 
the  sense  of  being  a foasil  community ^ since  the  substrate  itself 
is  not  rock,  but  indurated  clay.  The  tubes  are  about  a centimeter 
in  diameter  and  up  to  50  cm  long.  There  is  some  question  about 
how  representative  this  area  Isj  it  may  be  an  old  salt  marsh, 
although  its  microfauna  is  not  characteristic  of  near-shore 
environments.  But  whether  this  kind  of  fossil  community  is  wide- 
spread in  the  ocean  or  localised,  this  might  be  a very  productive 
area  to  examine,  since  the  density  of  tubes  is  high.  Note  that 
for  this  area  the  characteristic  frequency  is  well  below  the  op- 
erating range  of  the  Modular  Acoustic  System.  One  possible  problem 
in  making  good  measurements  would  be  the  degree  of  surface  rough- 
ness, which  would  cause  energy  loss  through  scattering. 

Rowe  also  noted  the  presence  of  Homolampus , a sea  urchin, 
along  the  eastern  continental  rise.  It  burrows  to  a depth  of  2 ftj 
however,  its  density  may  be  too  low  to  be  Important.  The  same 
might  be  said  of  Molpadiay  a sea  cucumber,  which  is  found  in  the 
2000-  to  3000-m  range  and  buries  up  to  20  cm  deep  (Rhoads  and 
Young,  1971).  Rowe  also  suggested  the  means  of  carrying  out  a 
mere  controlled  experiment  by  killing  the  fauna  in  an  area  and 
baiting  it  to  attract  opportunistic  species.  After  an  appropriate 
wait,  one  would  measure  the  acoustic  effects  on  the  sediment  and 
compare  these  with  measurements  made  before  the  baiting.  Since 


30 


Report  No.  3110 


Bolt  Beranek  and  Newman  Inc. 


Hyalinoeoia  feeds,  on  carcasses,  one  can  generate  a Hyatinoeoia 
colony  in  this  way  (Pauchald,  1975),  provided  the  baiting  is 
carried  out  withi.i  the  depth  ranges  where  Hyalinoeoia  is  typically 
found. 


Grassle  (1975)  felt  that  the  areas  described  in  a recent  paper 
(Grassle  et  al.^  1975)  which  lie  along  the  Gay  Head-Bermuda  transect 
would  provide  a variety  of  environments  where  the.  sediments  were 
modified  in  different  ways.  Over  a depth  range  of  HOO  to  2000  m, 
they  observed  densities  of  macrofauna  in  the  range  of  1,000  to 
8,000  per  sq  m,  based  on  dredge  samples.  These  exist  only  in 
the  top  1 to  2 cm  of  the  sediment.  In  the  same  depth  range, 
the  megafauna,  counted  in  photographs,  showed  densities  of  0.03 
’’to  3.5in  the  same  area  (Table  3 of  Grassle  et  al.y  1975).  Since 
the  Gay  Head-Bermuda  transect  has  been  so  extensively  studied,  it 
is  appealing  to  consider  acoustic  measurements  in  these  areas. 

However,  the  depth  range  of  the  macrofauna  may  be  too  small  and 
the. density  of  the  megafauna  too  low  for  significant  effects. 

Conversely,  there  is  always  the  possibility  of  higher-than-average 
concentrations  at  some  sites;  in  fact  Grassle  et  al.  observe  and 
discuss  the  patchiness  in  distributions. 

More  specifically,  Grassle  et  at.  note  concentrations  of 
Hyalinoeoia  artifex  at  500  m and  large  numbers  of  the  burrowing 
cerlanthld  anemone  at  1500  and  l800  m.  (This  anemone  is  1/2-  to 
3/^:-ln.  in  diameter  and  approximately  5 in.  long.) 

Incidentally,  Grassle  et  al.  observe  another  unusual  bottom 

condition  that  would  be  worth  examining  acoustically,  although  i ^ 

i 'I 

it  is  not  a tunneling  effect.  The  brittle  star,  Ophiomusium  i I 

■ .il 
I ' 
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lymanij  occurs  within  the  depth  range  of  1700  to  2170  m and 
arranges  Itself  in  a regular  pattern  relative  to  its  nearest 
neighbor,  so  that  much  of  the  bottom  is  covered  by  these  animals. 

Finally,  Grassle  (1975)  mentioned  another  possible  area.  His 
colleagues,  Hessler  and  Jumars,  have  done  recent  work  in  the  San 
Diego  trough  and  have  observed  large  densities  of  balls  of  mud 
about  2 in.  to  3 in.  in  diameter.  These  balls-  have  many  tubules 
created  by  a clrratulid  polychaete  worm  that  lives  within  the  ball. 
The  tubules  might  be  quite  small  in  diameter  since  the  worm  itself 
is  small  — 2 to  3 mm  in  length.  In  general,  the  San  Diego  trough 
might  be  an  excellent  place  to  carry  out  the  kinds  of  experiments 
we  have  been  discussing,  since  it  is  a region  of  higher  animal 
densities  than  the  Gay  Head-Bsrmuda  transect  (Grassle  et  al.^  1975) 
Table  4 and  5 ) . 

High  densities  of  pogonophorans  are  found  in  the  Malay  archi- 
pelago (Ivanov,  1963)  P*  128)  and  the  Kurile-Kamchatka  trench 
(Godeaux,  197^))  both  of  which  are  well  outside  the  usual  range 
of  ALVIN'S  operations.  Sampling  of  pogonophorans  along  the  east 
coast  of  the  United  States  has  occurred  only  within  the  last  10 
years  (Southward  and  Brattegard,  1968),  but  there  is  no  information 
on  densities. 

2.12  Supplemental  Instrumentation 

Meaningful  acoustic  experiments  must  be  coupled  with  sampling 
and  study  of  the  benthic  community  and  a characterisation  of  the 
sediment.  There  are  two  types  of  devices,  box  cores  and  photo- 
graphy, for  sampling  the  benthos  that  have  immediate  applicability 
for  comparison  with  acoustic  measurements.  They  will  provide 
information  on  tube  diameter,  length,  and  population  density  as 
a function  of  depth. 
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A Bivge-Ekman  box  oorey  15  15  cm,  was  acquired  for  ALVIN 

under  the  ARPA  grant  and  used  successfully  in  the  Gulf  of  Maine 
and  the  Tongue  of  the  Ocean  (Rowe  et  al.,  1972a,’u).  Grassle  (1975) 
feels  that  the  RUM  core,  .which  is  a box  core  20  x 20  cm,  is  the 
largest  size  thac  can  be  presently  used  on  ALVIN  for  meaningful 
penetration  into  the  substrate.  A special  platform  called  SCAMP, 
being  developed  for  attachment  to  ALVIN,  will  permit  the  sub- 
mersible to  be  anchored  to  the  bottom.  With  SCAMP,  the  large  . 
spade  core  described  by  Kessler  and  Jumars  (197^)  could  be  deployed 
directly  from  the  submersible.  This  core  is  1/2  m on  a side  and 
is  capable  of  taking  relatively  undisturbed  samples. 

Rhoads  and  Cande  (1971)  have  built  a special  camera  that 
photographs  the  sediment  structure  as  a clear  wedge  is  slowly 
forced  through  the  sediment . Striking  pictures  of  relatively 
undisturbed  burrows,  tubes,  and  fecal  remains  are. taken.  Although 
this  device  has  been  used  only  in  shallow  water,  Grassle  (1975) 
informs  us  that  Rhoads  has  designed  a deep-water  version. 

The  detached  receiver  needed  to  carry  out  reflectJ.vlty  measure- 
ments as  a function  of  angle  is  briefly  described  below,  although 
it  is  not  our  purpose  to  give  a complete  design  specification. 

The  height  of  the  receiver  above  the  bottom  should  be  con- 
trollable from  ALVIN,  so  as  to  carry  out  measurements  near  the 
critical  angle  as  a function  of  R^.  It  should  be  broadband  and 
omnidirectional,  relying  on  the  source  transducer  to  provide  the 
directionality.  It  might  have  its  own  recording  system,  or,  more 
preferably,  be  connected  by  cable  to  ALVIN.  (This  would  require 
careful  negotiation  and  preplanning  with  ALVIN  personnel.) 
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Slncei'malntenance  of  the  proper  geometry  is  essential  In 
these  experiments,  ALVIN 's  acoustic  navigation  system  should  be 
employed. 

2.13  Conclusions 

In  this  section,  we  have  considered  measurements  of  reflectivity 
from  marine  sediments  both  as  a function  of  angle  and  of  frequency. 
The  discussion  has  been  focused  on  the  experimental  consequences 
of  the  porosity  created  by  tube-building  marine  organisms,  although 
a number  of  the  points  (such  as  the  attention  one  must  pay  to  the 
spherical  nature  of  the  wavefront)  apply  to  any  measurements  of 
bottom  properties  made  from  ALVIN. 

Some  measurements,  partlf.  larly  those  made  vs  frequency, 
could  be  made  with  the  Modular  Acoustic  System  and  ALVIN  alone. 
Others,  such  as  measurements  of  reflectivity  vs  angle,  require 
the  implementation  of  additional  instrumentation,  not  yet  designed. 
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3.  SPECTRAL  MEASUREMENTS  OF  GROUPS  OF  A SINGLE  SPECIES  OF  FISH 
3.1  Introduction 

The  deep  scatterlnc  layer  is  a pervasive  phenomenon  found  in 
most  of  the  world’s  oceans.  As  such,  it  can  be  a problem  to  active 
detection  systems  in  many  environments.  The  United  States  Navy 
has  expended  considerable  sums  both  in  making  direct  measurements 
of  deep  scattering  layer  acoustic  properties,  and  in  sampling 
fish  which  make  up  the  layer.  The  combined  acoustic  and  biological 
experiments  have  had  a long-term  goal:  determining  their  relation- 

ship, so  that  a measurement  of  one  might  serve  as  a predictor  of 
the  other. 

An  entirely  analogous  problem  occurs  in  fisheries'  science. 

The  National  Marine  Fisheries  Service  has  the  responsibility  of 
monitoring  and  assessing  fish  resources,  so  that  proper  fishing 
limits  may  be  determined.  The  usual  methods  of  fish  stock  assess- 
ment are  faunal  sampling  and  monitoring  of  commercial  landings. 
Acoustic  techniques,  if  suitably  refined,  are  a logical  way  of 
Increasing  the  efficiency  of  the  Service  in  its  assessment  task. 

These  combined  acoustic  and  biological  measurements  have 
been  complicated  by  the  extraordinary  complexity  of  the  experimental 
situation,  especially  in  the  deep  scattering  layer;  often  tens  of 
different  fish  species  may  be  present  at  a given  site.  In  this 
section,  however,  we  discuss  measurements  at  sites  where  typically 
groups  of  only  one  species  are  found. 

Over  80%  of  the  migrating  species  making  up  the  deep  scatter- 
ing layer  possess  swim  bladders  (Marshall,  1971,  I960),  which  as 
resonant  systems  (NDRC,  19^6)  result  in  not  only  pronounced  struc- 
ture in  spectral  measurements  of  the  acoustic  returns  scattered 
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from  the  fish,  but  also  far  stronger  returns  than  would  occur  from 
the  fish  alone,  If  they  had  no  bladders.  This  structure  can  be  re- 
lated to  the  Internal  pressure  In  the  bladder,  the  bladder's  radius 
and  distortion  from  spherical  shape,  and  various  energy  loss  mechan- 
isms In  the  bladder's  gas  and  the  surrounding  fish  tissue  (Weston, 
1967). 

Thus,  there  is  a relationship  between  the  physiology  of  a 
fish  and  the  acoustic  spectra  of  sound  reflected  from  that  fish. 

As  each  species  of  fish  possesses  Its  own  unique  physiology,  this 
relationship  may  be  species  specific.  Establishing  the  specificity 
of  this  relationship  between  spectral  and  physiological  features 
of  a single  species  of  fish  requires  a number  of  measurements  on 
groups  of  fish,  preferably  of  one  size,  known  to  be  pred'^mlnantly 
of  one  species.  Since  laboratory  stress  may  change  the  character- 
istics of  larger  species  (e.g.,  anesthetizing  fish  may  relax  muscu- 
lature and  hence  change  bladder  size  and  stiffness),  and  since 
deep  scattering  layer  species  rarely  survive  sampling.  It  Is 
preferable  to  carry  out  these  measurements  In  the  natural  environment. 


3.2  Theoretical  Bc.ckground 

3.2.1  Bladder  equations  for  a single  fish 

The  theoretically  derived  formulas  for  swim-bladder  re- 
sonance display  the  relationship  between  the  frequency  dependence 
of  the  swim-bladder's  scattering  cross  section  and  physiological 
parameters,  such  as  bladder  size  and  shape  and  characteristics  of 
the  surrounding  tissue.  Weston's  review  article  (1967)  provides 
many  of  these  formulas. 
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Using  his  Eqs.  39  through  47,  the  bladder  scattering  cross 


section,  0 , is 
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where  the  resonant  frequency,  f , is 
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and  the  resonant-system  Q,  determined  by  the  loss  mechanisms,  is 


(3.3) 


The  three  components  of  Q~^  are  uhe  radiation  damping,  Q~^,  the 
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thermal  damping  in  the  gas  within  the  bladder,  Q,  , and  the  damping 
due  to  shear  motj.on  in  the  fish  tissue  surrounding  the  bladder, Q^,  . 
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where  R is  the  bladder  radius,  y is  the  ratio  of  specific  heats 
of  the  gas  at  constant  pressure  and  constant  volume,  P^j  is  the 
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ambient  pressure,  p Is  the  water  density,  yid+ipj)  is  the  complex 
shear  modulus  of  the  fish  tissue,  k©  is  the  wave  vector  correspond- 
ing to  the  resonant  frequency,  and  v'  is  the  thermal  diffusivity  of 
the  gas. 

Modifications  in  the  resonant  frequency  for  a prolate  spheroid 
are  given  by  Eq.  13  of  Weston  (1967),  where  constant  volume  is 
assumed: 
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e is  the  ratio  of  the  major  and  minor  axes  of  the  spheroid. 


He  also  discusses  the  modifications  for  other  shapes. 


3.2.2  Group  effects 

A measurement  at  sea  examines  fish  grouped  either  into  ag- 
gregations, such  as  the  deep  scatterin'  layer,  or  Into  more  ordered 
schools.  The  acoustic  returns  from  such  groups  are  usually  ana- 
lyzed to  yield  the  volume  scattering  strength,  S^(f),  which  is 
the  target  strength  of  a unit  volume  of  water.  S^(f)  can  be 
determined  from  experimental  quantitites,  such  as  range,  received 
sound  pressure  level,  and  send  and  receive  sensitivity,  in  accord 
with  the  formalism  found  in  Urick  (1967).  A particular  application 
of  that  formalism  is  found  in  McElroy  and  Wing  (1971). 

Volume  scattering  strengths  are  related  to  the  scattering 
cross  sections  by  the  formula 


I S^(f)  = 10  log,,  I n^03(f)/H..  , 

s 


(3.8) 
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where  n_  is  the  average  number  of  fish  per  unit  volume  of  a par- 
s 

ticular  species  and  size  and  varies  from  lO""*  to  10/m^  in  deep 

scattering  layers  (Backus  et  al,,  1968).  Since  n_  is  a function 

s 

of  position  in  the  water  volume,  S^(f)  will  generally  be,  a function 
of  range  from  the  measuring  transducer.  In  addition,  since  measure- 
ment systems  never  Insonify  Just  a unit  volume  of  water,  the  S^(f) 
determined  experimentally  will  be  an  average  over  the  actual  in- 
sonifled  volume,  which  is  determined  by  pulse  length  and  beam 
pattern. 


i 


1 


S„(f)  is  the  measured  quantity  and  o^,  (f)  is  the  quantity 

descriptive  of  an  individual  fish.  If  we  are  to  relate  the  acoustic 

and  the  physiological  measures  of  a fish  species,  we  must  choose  an 

area  where  the  average  S^(f)  measured  by  an  acoustic  system  (such 

as  the  Modular  Acoustic  System)  is  determined  by  only  one  value  of 

a (f),  that  is,  by  an  insonifled  volume  of  only  one  species  and 
s 

one  size. 

The  determination  of  layers  where  only  one  species  occurs  is 
possible  (Sec.  3.5)  j but  restriction  to  only  one  size  is  impossible. 
We  substitute  a requirement  of  as  small  a spread  in  fish  size  as 
possible.  This  spread  in  size  results  in  a spread  in  bladder  radius, 
I’esonant  frequency  (Eq.  3.2),  and  scattering  cross  section  (Eq. 

3.1).  If  the  spread  is  small,  the  a_(f)  determined  from  S (f) 
will  look  very  similar  to  that  described  by  Eq . 3.1  for  the 
scattering  cross  section,  except  that  we  will  have  an  effective 
Q~  for  the  group  (Weston,  1967),  rather  than  the  for  a single 

S « I ^ 

individual  appearing  in  Eq.  3-l.  Thus,  Q will  be  larger  than 

- 1 ^ 

Q , corresponding  to  a further  flattening  in  the  resonance  curve 
s 

described  by  Eq . 3.1.  It  should  be  possible  to  infer  Q from  Q 

s S 

if  the  fish  in  the  group  are  sampled  and  their  size  distribution 
determined . 
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If  the  size  range  of  fish  of  one  species  Is  not  small  (as 
would  occur  If  both  juveniles  and  adults  were  present),  or  if  a 
number  of  species  are  present  (as  occurs  in  most  deep  scattering 
layers),  then  S^(f)  will  contain  more  than  one  resonance  peak, 
and/or  individual  peaks  will  be  broadened  so  much  that  it  is  mean- 
ingless to  talk  of  a single  resonance  and  a group  Q . Under  these 

o 

circumstances,  identification  of  structure  in  S^(f)  with  individual 
species  becomes  far  more  difficult,  if  not  Impossible. 

These  points  emphasize  the  desirability  of  selecting  experi- 
mental areas  where  Just  one  species  with  a small  range  in  size 
is  found. 

3.2.3  Depth  dependence 

In  addition  to  the  effects  of  species  and  size  on  resonant 
frequencies,  there  can  be  a spreading  caused  by  the  dependence  of 
resonant  frequency  on  depth  (the  Pq  term  in  Eq . 3.2).  An  acoustic 
pulse  will  insonlfy  some  depth  range  as  a result  of  pulse  length 
and  transducer  beam  width.  However,  the  Modular  Acoustic  System 
mounted  on  a submersible  allows  minimization  of  these  effects, 
since  layers  and  scir^ols  of  fish  can  be  closely  approached.  This 
closeness  permits  shorter  pulse  lengths  for  a detectable  return 
and  a smaller  depth  range  Insonified  for  a given  beamwldth.  Sub- 
mersiblps,  such  as  ALVIN,  also  permit  measurement  of  scatterers 
when  they  are  at  their  greatest  depth.  Under  those  circumstances, 
the  depth  range  insonified  by  the  sonar  results  in  the  smallest 
relative  range  in  Pq,  and,  hence,  in  the  smallest  possible  varia- 
tion in  f„. 
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3.2.4  Multiple  scattering 

The  determination  of  volume  scattering  strength  mentioned 
above  (Urick,  196?)  presupposes  that  multiple  scattering  is  neg- 
ligible; that  is,  the  energy  incident  on  any  given  scatterer  is 
only  that  from  the  source  and  not  from  nearby  scatterers  re- 
radiating  energy.  However,  if  fish  are  densely  schooled,  the 
reradlated  energy  can  be  significant.  For  Instance,  in  the  Slope 
Water  (Huntsman,  1924;  Iselln,  1936),  where  the  layers,  of  Cera- 
toaaopelus  maderenaia  sometimes  coalesce  into  schools,  the  density 
can  reach  as  high  as  10/m^,  rather  than  the  more  usual  10“ Vm®  in 
scattering  layers  (Backus  uZ.,  1968).  This  higher  figure  Implies 
a mean  spacing  of  fish  of  about  0.4  m.  Two  questions  must  then 
be  asked:  (1)  Is  ithe  reradlated  power  at  a fish  from  its  neigh- 

bors significant  compared' to  the  direct  power  from  the  source,  and 
(2)  Is  the  reactive  part  of  the  reradiated  field,  which  at  close 
range  can  exceed  the  resistive  part,  of  significance? 

In  considering  the  first  question,  let  us  suppose  there  are 
two  fish  (numbered' 1 and  2)  at  about  the  same  range,  ry , from 
the  source  which  has  source  level  Py  at  1 m.  Then,  the  level 
at  fish  No.  1 and  at  fish  No.  2,  due  to  the  source  (0)  are 
the  same  and  are 

Po 

Piu  = P20  = F"  ' 

u 

The  pressure  at  fish  No.  2 caused  by  that  pressure  reradlated  from 
fish  No.  1. is 


45 
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where  Pj  Is  the  pressure  at  1 m,  which  has  been  reradiated  from 
fish  No.  1,  and  r^^  is  the  range  from  fish  No.'  1 to  fish  No.  2. 

Pj  is  easily  estimated  using  the  scattering  cross  section  a^,  and 
the  Incident  power  on  fish  No.  1. 


or 


P 


1 


2 /if 


(3.11a) 


(3.11b) 


Comparing  the  pressure  at  fish  No.  2 reradiated  from  fish  No.  1 
with  that  direct  from  the  source,  we  get 


P20  Po/^o  2/if  p/r^ 


/a. 


2/if  r, , 
1 2 


(3.12) 


Considering  the  worst  case,  when  is  maximum  at  resonance  (f=fp) 
Eq.  3.1  gives, 


a„  = ^I7iR2q2  . (3.13) 

5 S 

is  estimated  to  be  about  6 (Weston,  1967,  p.  73).  R,  the  gas 
s 

bladder  radius,  will  be  estimated  from  a knowledge  that  gas  blad- 
ders occupy  about  5%  of  the  volume  of  fish  (Marshall,  1971,  I960) 
and  that  at  the  particular  site  we  are  considering,  the  fish  are 
about  65  mm  long  (Backus  et  al.^  1968),  which  implies  a displace- 
ment volume  of  about  2.5  cc  (Krueger  et  al.j  1975).  R is  then 


I II 
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I ttR®  = 0.05  X 2.5  ; 


(3.1^) 


I II 

I 


i IM 


R = 0.31  cm.  Combining  these  numerical  values,  we  get  for  the 
ratio  of  reradlated  to  direct  pressure. 


P2|/P20  ~ 


RQ„  0.31  X 10~  X 6 


= 0.0i<7  . 


(3.15) 


Having  determined  the  relative  contribution  from  one  fish  to 
the  field  about  another,  we  can  consider  the  effect  of  all  fish 
surrounding  the  one  in  question.  In  a spherical  shell  of  radius 
r and  thickness  Ar  about  the  fish,  the  number. of  reradiatlng  fish, 
AN,  is 


f U 

p' 


AN  = ilTrr^Ar  n^  , 


where  n = the  number  per  unit  volume  = 10/m\ 
s 


(3.16) 


Since  the  energy  reradiated  from  one  fish  at  distance  r 
compared  to  the  direct  energy  is  given  by  , the  square  of  Eq . 3.12, 
that  due  to  AN  fish  is 


ilirr^Arn  = n„o^Ar 

s s s 


(3.17) 


Power  is  summed,  rather  than  pressures,  since  the  reradlated 
energies  are  Incoherent  from  fish  to  fish.  The  total  relative 
power  at  the  fish  in  (luestion  is  given  by  the  integral  of  Eq.  3.17 


: J 


n„0^dr  = n^a„  r.  , 
s s s s 0 ’ 


(3.18) 


^7 
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where  Is  given  by  the  size  of  the  school  or  layer  for  long 
pulses,  or  by  the  pulse  length  for  shorter  ones  (that  is,  short 
compared  to  school  dimensions).  For  a pulse  of  length  t,  power 
reradiated  from  the  fish  in  a sphere  of  radius  r^^  = ct/2  will  at 
least  partially  overlap  at  the  fish  located  at  the  center  of  the 
sphere.  , We  then  have  for  the  reradiated  power  at  the  center  of 
the  sphere  compared  to  the  direct  power,  the  following  expression, 
using  Eqs.  3.13  and  3.18 

¥ • (3-19) 

Using  the  numbers  appropriate  for  Ceratosoopelus  mader'eneis  in 
the  Slope  Water  schools  reported  by  Backus  et  al.  (1968),  this  is 

2 

^=10x2x7rx  ( 0 . 31><10~^ ) x 6 x 1500  x t 

s s ^ 

= 5.^  T . (3.20) 

Multiple  scattering  can  then  be .ignored  for  pulse  lengths,  t, 
such  that  this  number  is  small.  For  Instance,  if  t « 1 msec, 
it  is  0.005  and  for  10  msec,  it  is  0.05.  However,  a pulse  of 
100  msec  would  not  be  short  in  this  context. 

The  second  question  is  concerned  with  a comparison  of  the 
far  field  radiated  from  a source  (normally  called  the  resistive 
part)  and  the  near  field  or  reactive  portion.  Equations  7.1.5 
and  7.1.7  of  Morse  and  Ingard  (I968)  show  that  the  ratio  of  the 
reactive  to  the  resistive  portions  of  the  radiated  field  from 
both  monopoles  and  dipoles  is  1/kr,  where  k is  the  wave  vector 
and  r the  distance.  If  we  set  r = 0.^  m,  1/kr  is  0.12  at  5 kHz 
and  0.03  at  20  kHz.  While  we  had  to  consider  the  entire  school 
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in  determining  the  resistive  portion  of  the  reradiated  field  above, 
we  need  only  consider  nearest  neighbors  to  the  fish  in  question 
when  examining  the  reactive  part,  because  of  its  faster  falloff 
with  range.  There  will  be  6 to  10  nearest  neighbors,  each  con- 
tributing a relative  resistive  portion  of  the  field  of  about  0.0^7 
(Eq.  3.15).  The  reactive  portion,  relative  to  the  direct,  from 
all  10  is  then  (adding  powers  as  above), 

10  X (o.Oii?)'  X (0.12)^  = 0.0003  at  5 kHz  and 

0.00002  at  12  kHz. 

These  small  numbers  show  we  may  Ignore  the  reactive  component. 

3.3  Experimental  Background 

Experimental  confirmation  of  spectral  structure  due  to  gas 
bladder  resonances  exists  both  in  controlled  laboratory  experi- 
ments and  in  at-sea  experiments.  Batzler  and  Pickwell  (1971) 
have  measured  spectral  returns  from  large  Individual  fish  in  a 
pressure  chamber  that  display  a resonance  peak  and  its  shift 
to  higher  frequencies  with  increasing  pressure.  McCartney  and 
Stubbs  (1971)  have  similar  results.  Comparisons  with  the  fish 
found  in  deep  scattering  layers  have  not  yet  been  made,  as  these 
species  have  a very  poor  survival  rate  when  brought  to  the  sur- 
face and  captured.  Obviously,  experiments  conducted  from  a sub- 
mersible are  not  subject  to  such  problems. 

At-sea  broadband  measurements  have  displayed  resonance  peaks 
attributable  to  gas-bladdered  fish  (Chapman  and  Marshall,  1966; 
McElroy,  197M  . A particularly  careful  study  by  Hersey,  Backus, 
and  Hellwig  (1962)  followed  the  change  in  frequency  of  the  peaks 
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as  Individual  deep  scattering  layers  moved  up  and  down  In  accord 
with  diurnal,  migration  patterns . Two  types  of  layers  were 
identified.  In  one  type,  resonant  frequency  varied  as  the  1/2 
power  of  the  ambient  water  pressure  occurring  at  the  depth  of 
the  layer;  this  variation  corresponded  to  Individual  specimens 
of  fish  in  that  layer  that  maintained  their  gas  bladders  at 
con' ‘ '^nt  volume  by  adding  gas  as  they  descended.  The  second 
ty  - -.j"  layer  showed  a 5/6th  power  dependence  on  ambient  pressure, 
which  corresponded  to  a constant  gas  content  in  the  bladder 
of  individual  specimens  of  fish,  regardless  of  layer  depth. 

These  two  types  of  layers,  exhibiting  two  types  of  resonant- 
frequency  . variation  with  depth,  obviously  correspond  to  two 
radically  different  physiological  mechanisms  occurring  in  the 
fishes  making  up  the  layers.  In  the  first,  each  fish  must  add 
or  subtract  gas  from  the  bladder  as  it  migrates  vertically.  Kan- 
wisher  and  Ebeling  (1957)  claim  chat,  in  spite  of  the  evidence 
that  such  a phenomenon  must  occur,  the  fish  cannot  attain  the 
rates  of  gas  exchange  required.  In  the  second,  the  bladder  is 
inflated  and  deflated,  but  is  restricted  to  the  size  range 
available  to  it  within  the  fish. 

This,  then,  is  the  type  of  physiological  question  which 
could  be  examined  in  a combined  acoustic-  and  biological-sampling 
experiment  performed  where  a single  species  is  present. 

3.4  Application  of  the  Modular  Acoustic  System  to  Spectral 

Measurements  of  the  Deep  Scattering  Layer 

It  should  be  possible  to  measure  the  resonant  shape  of 
scattering  cross  sections  for  fishes  of  the  deep  scattering  layer 
grouped  either  in  layers  or  in  schools,  using  the  spectral 
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capabilities  of  the  Modular  Acoustic  System.  The  System's 
directional  transducers  can  be  scanned  through  frequency  ranges 
of  about  3 to  1.  These  directional  transducers  are  better  suited 
to  picking  out  a smaller  oceanic  volume  than  the  omnidirectional 
sources  usually  used  in  spectral  work;  these  small  volumes  are 
desirable  to  minimise  the  broadening  of  resonance  curves  created 
by  a range  in  pressures,  as  discussed  in  Sec.  3.2.3. 

By  making  these  measurements  repetitively  during  the  diurnal 
migration  as  ALVIN  rises  or  descends  with  a lay-*',  the  dependence 
of  resonant  frequency  on  depth  can  be  determined.  The  Modular 
Acoustic  System,  operating  under  computer  control,  can  quickly 
scan  frequency;  a given  spectrum  can  be  measured  within  a 5-min. 
period  so  that  reasonably  rapid  changes  can  be  monitored.  Spectral 
resolution  can  be  changed  during  an  experiment  to  display  structure 
as  finely  as  needed,  based  on  observations  of  the  spectra  made  in 
the  submersible  during  a given  dive. 

Sampling  and  observation  'of  the  layer  can  be  carried  out  in 
the  course  of  the  same  dive  discussed  in  Sec.  3.6. 

There  are  additional  considerations  that  must  be  addressed 
in  implementing  these  experiments.  One  arises  from  the  change 
in  insonified  volume  as  frequency,  and  hence  beamwidth  is  changed. 
This  change  will  blur  the  data  somewhat,  since  the  depth  range 
insonified  will  vary  with  frequency. 

In  addition,  the  experimenter  must  insure  that  the  insonified 
volume  under  examination  for  frequency  dependence  lies  completely 
within  the  layer  of  fish.  If  it  does  not,  then  a changing  fraction 
of  this  volume  will  be  actually  scattering  energy  as  frequency 
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(and  hence  beamwldth)  Is  changed;  the  result  will  be  structure 
more  attributable  to  the  beamwldth  than  to  the  targets  of  Interest. 
The  closer  the  experimenter  Is  to  the  target  layer,  the  less  likely 
he  Is  to  examine  a volume  In  which  some  portion  contains  no  fish. 
How  close  he  must  be  Is  determined  by  the  depth  of  the  layer  or 
the  size  of  the  school.  In  the  Slope  Water,  some  schools  are  suf- 
ficiently large  (100  m across)  to  allow  the  submersible  to  approach 
closely  enough  to  insoni ry  in  individual  school  without . disturbing 
the  fish.  ' 


Others,  he  .ever,  are  so  small  (10  m across)  (Backus  et  al.t 
1968),  that  a close  approach  Is  not  possible.  An  alternative, 
under  this  circumstance,  is  to  make  the  measurements  from  a much 
greater  range,  so  that  the  sound  beam  insonlfies  many  similar 
schools.  Then,  as  frequency  and  hence  insonified  volume  is  changed, 
the  average  density  of  fish  will  stay  nearly  constant.  The  dis- 
advantage of  this  alternative  Is  that  the  beamwldth  will  result  in 
a greater  depth  range  of  fish  being  insonified  than  occurs  for 
measurements  close  to  schools,  and,  hence,  an  undesirable  spread 
In  resonant  frequency.  Experimenters  should  be  prepared  for  either 
the  small-  or  large-school  condition  before  arriving  at  an  experi- 
mental site.  Both  sizes  of  school  are  encountered  in  the  Slope 
Water. 

3.5  Experimental  Sites 

While  deep  scattering  layers  are  found  throughout  the  world’s 
oceans,  the  problem  is  to  locate  those  particular  areas  where  a 
single  species,  limited  to  a small  size  range,  can  be  found.  We 
discuss  a number  of  such  areas  of  different  character. 
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The  Slope  Water.  The  Slope  Water  of  the  western  Atlantic 
extends  from  Cape  Hatteras  to  the  Grand  Banks  and  exhibits  its 
own  temperature-salinity  characteristics  and  coloration,  distinct 
from  the  continental  shelf  to  the  west  and  the  Gulf  Stream  to 
the  east  (vonArx,  1962).  A most  striking  feature  is  the  special 
characteristic  of  the  deep  scattering  layer;  unlike  any  other 
region  of  the  deep  ocean  (except  off  Newfoundland),  the  components 


of  the  DSL  are  grouped  into  dense  schools  during  the  daytime, 
rather  than  existing  in  a diffused  layer  (Backus  et  al.,  1968). 
Further,  only  one  species  has  oeen  found  in  these  schools;  Backus 
et  at.  found  individuals  of  the  species  Ceratosoopelus  maderensis 
ranging  in  length  from  52  to  73  mm  (mean  size  62.^  m,  a standard 
deviation  of  2.9  mm).  Ceratosoopelus  maderensis  has  a well- 
developed  swim  bladder. 

The  fish  density  in  the  schools  is  high,  but  probably  not 
high  enough. to  introduce  significant  multiple  scattering  as  dis- 
cussed in  Sec .3*2.^. 


The  fact  that  fish  in  the  Slope  Water  are  clustered  into 
schools  rather  than  dispersed  in  diffuse  layers  imposes  restraints 
on  the  relative  position  of  the  submarine  during  acoustic  measure- 
ments, as  discussed  in  Sec.  3.^.  This  problem  is  counterbalanced 
by  the  relative  ease  in  sampling  the  fish  from  the  submersible 
(discussed  below) . 

There  is  at  least  one  unpredictable  aspect  to  this  proposed 
area.  The  dense  schooling,  of  Ceratosoopelus  maderensis  in  the 
Slope  Water  does  not  occur  every  year.  For  unknown  reasons, 
thei’e  are  times  when  the  schools  are  very  small  or  nonexistent 
( Backus , i97^  ) . 
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The  Cafiaoo  Trenoh,  The  Cariaco  Trench  is  an  oceanic  region 
north  of  Venezuela  where  the  deep  scattering  layer  at  250  m is 
composed  principally  of  the  myctophid  fish,  Diaphua  taaningi 
Norman,  (Baird  et  al.j  197^).  Baird  et  al.  found  only  small 
numbers  of  Steindaahnevia  argentea  Goode  and  Bean  and  Juvenile 
Bregmaaefoa  neatabanuB  in  addition  to  the  Diaphua,  The  Diaphua y 
which  has  a well-developed  gas  bladder,  were  all  of  nearly  the 
same  size:  average  standard  length  of  hO.7  mm,  with  a standard 
deviation  of  2.7  mm.  The  density  of  Diaphua  was  estimated  by 
Baird  et  al.  at  2 per  1000  m\  Populations  in  the  Trench  can  in 
general  be  expected  to  be  low,  on  the  basis  of  Baird's  work  and 
that  of  earlier  investigators  (Mead,  1963).  However,  they  are 
high  enough  to  have  been  observsd  acoustically  as  deep  scattering 
layers  (Baird  et  al.j  197^). 

In  deeper,  anoxic  water  containing  hydrogen  sulfide,  Baird 
et  al.  (1973)  have  found  another  layer,  also  seemingly  of  just 
one  species  - Bregmaaeros  neotabanus  Whitley.  This  might  be  a 
particularly  interesting  layer  to  study  in  combined  acoustic  and 
physiological  experiments,  because  of  the  adaptions  Bregmacer>08 
must  have  made  to  survive  in  a hostile  environment. 

The  San  Diego  Trough.  Barham  (1971)  has  reviewed  an  extensive 
series  of  submersible  dives  he  has  made  in  the  San  Diego  Trough 
to  observe  the  deep  scattering  layer.  His  observations  are 
visual  and  did  not  Involve  captures  of  the  observed  specimens 
to  permit  positive  identification.  However,  he  is  a highly  skilled 
observer  of  midwater  fishes,  so  that  even  his  visual  impressions 
have  a high  probability  of  being  correct.  On  p.  102,  he  noted 
observations  of  swarms  of  a silver-scaled  myctophid  (tentatively 


5^ 


Report  No.  3110  Bolt  Beranek  and  Newman  Inc. 

identified  as  Myatophum  aurolaternatum  ).  On  p . 10^-1,  he  notes 
observations  of  273  myGhtophids  in  one  dive.  Between  Costa  Rica 
and  Acapulco,  Mexico  he  observed  dense  swarms  of  myctophids, 
probably  Benthosema  panamense  ^ so  numerous  that  some  lodged  in 
the  submersible  superstructure. 

The  implication  is  that  there  are  regions  of  the  San  Diego 
Trough  where  reasonable  densities  of  single  species  are  likely 
to  occur.  Detailed  location  of  such  sites  require  both  the  advice 
of  a skilled  observer,  such  as  Barham,  and  attention  to  season  of 
the  year  so  that  only  adults,  rather  than  a mix  of  adults  and 
Juveniles,  would  occur. 

General  Observations  Made  by  James  Craddock.  Craddock  (1975) 
discussed  with  us  his  observations  and  intuitions,  based  oh  an 
extended  period  of  sampling  the  deep  scattering  layer  and  on  the 
reports  of  his  colleagues.  He  is  convinced  that  individual  layers 
will  often  contain  single  species  and  that  densities  of  the  fish 
will  be  higher  than  many  observers  expect.  Specific  examples  he 
cited  are: 

1.  Diaphus  dumerili  is  caught  in  large  numbers  by  the 
National  Marine  Fisheries  Service  off  Cape  Hatteras. 

2.  Mllllman  and  Manhelm  (1968)  observed  large  densities  of 
a small  fish  off  Hatteras.  Craddock  surmises  (based  on  the  Fish- 
eries' experience)  that  It^  was  Diaphus  dumerili , though  he  admits 
no  sure  identification  was  possible  under  the  circumstances. 

3.  Craddock  has  found  300  individuals  of  Diretmus  argenteus 
in  the  stomach  of  a porpoise.  Obviously,  they  must  have  schooled 
for  this  to  have  occurred. 
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4.  Gerhardt  Krefft  has  told  Craddock  of  a catch  of  15  tons 
of  one  species  of  myctophid  off  the  east  coast  of  South  America 
(2®  to  5°N)  within  the  last  5 years.  This  catch  was  taken  with 
the  huge  nets  of  the  Walther  Herwlg.  Other  species  were  not 
found  in  significant  numbers. 

5.  Benthosema  glaaiale  make  up  95SK  of  the  catch  taken  In 
sampling  of  the  deep  scattering  layer  in  northern  waters  off 
Labrador.  Benthosema  is  caught  In  large  numbers. 

Controlled  Experiments . The  National  Marine  Fisheries  Service 
(Beaumarlage , 1975)  Is  conducting  a controlled  experiment  in  1975 
at  Jeffries  Ledge,  where  specific  species  of  commercial  fish  are 
released  into  a net  and  then  observed  acoustically,  both  individually 
and  in  aggregations.  Such  single-frequency  measurements  could 
profitably  be  supplemented  by  measurements  over  a range  of  frequency. 

3.6  Fish  Identification  and  Sampling 

One  of  the  Justifications  for  using  ALVIN  as  a platform  from 
which  to  make  acoustic  measurements  of  the  deep  scattering  layer 
is  the  possibility  of  precise  identification  of  the  species  con- 
tributing to  the  scattering.  If  the  sampling  is  carried  out  from 
the  surface,  using  nets  deployed  from  a surface  ship,  there  is 
concern  that  the  fish  one  has  measured  acoustically  are  not  the 
same  as  those  sampled.  In  some  cases,  where  an  entire  area  con- 
tains only  one  species  and  size,  this  concern  is  of  less  importance 
than  in  others,  such  as  the  Cariaco  Trench,  where  other  species 
are  known  to  be  present.  Even  in  the  Slope  Water,  where  the  schools 
are  made  up  seemingly  of  only  one  species,  other  species  are 
present  in  other  layers  (Backus,  1975)* 
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These  problems  are  resolved  to  a degree  by  two  procedures: 


1.  Insuring  that  a trained  observer  is  present  in  the  sub- 
mersible during  the  acoustic  measurements  and  insuring  that  he 
has  the  opportunity  to  identify  the  measured  layer  by  looking 
at  it  through  a porthole.  Barham  (1971)  observes  that  the  fish 
seemed  less  disturbed  if  the  submersible  rose  or  descended  through 
the  schools  or  layers  than  if  it  navigated  horizontally  through 
them . 


2.  Actually  sampling  the  layer  measured  acoustically  by 
closing  it  with  a net  mounted  on  the  submersible.  Backus  et  al, 
(1968)  collected  large  numbers  (77^)  of  specimens  of  Ceratosoopelus 
maderensis  in  the  Slope  Water  with  a very  simple  net.  In  this 
area,  the  density  of  fish  was  unusually  high.  With  normal  scat- 
tering layer  densities,  small  simple  nets  cannot  be  expected  to 
get  a very  representative  sample.  An  attempt  should  be  made  to 
mount  as  large  a net  as  possible,  consistent  with  the  constraints 
imposed  by  the  submersible's  small  size.  It  is  the  view  of  ALVIN' s 
chief  pilot  (Wilson,  1975)  that  such  a net  should  be  mounted  aft 
(when  the  Modular  Acoustic  System  is  mounted  forward)  and  rigged 
so  it  could  be  swung  down  once  ALVIN  is  launched.  The  actual 
design  of  the  sampling  net  requires  careful  coordination  with 
ALVIN  operating  personnel.  Should  the  best  efforts  at  increasing 
net  size  be  insufficient,  surface  sampling  would  have  to  be 
employed.  However,  even  surface  sampling  would  be  preferable  to 
an  operation  carried  out  entirely  from  the  surface,  since  a trained 
observer  accompanying  the  dive  would  Insure  that  the  species 
sampled  was  the  same  as  that  observed  and  measured  acoustically. 


Mention  should  be  made  of  the  plankton  sampler  designed  by 
Wlebe  ( 1972a, b)  under  the  ARPA  ALVIN  contract.  This  is  a sub- 
mersible version  of  the  Longhurst-Hardy  plankton  recorder,  which 
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maintains  a time  record  of  sampling  by  collecting  the  plankton 
on  a gauze  sheet  that  is  transported  across  the  back  end  of  the 
net.  However,  the  net  opening  is  small  enough  that  it  could  not 
be  expected  to  collect  representative  samples  of  mesopelaglc 
fishes  of  the  type  making  up  the  deep  scattering  layer,  except 
in  the  special  Slope  Water  circumstances  of  high  density  we  have 
cited . 

3.7  Conclusions 

Because  of  the  importance  of  the  effect  of  fish  of  the  deep 
scattering  layer  on  sonar  operations  and  because  acoustic  tech- 
niques are  important  to  assessment  of  commercial  species  of  fish, 
experiments  designed  to  relate  the  acoustic  returns  from  a fish 
to  the  physiological  characteristics  of  the  fish  have  both  govern- 
mental and  commercial  interest.  Such  experiments  would  be  more 
profitably  carried  out  in  the  open  sea  than  in  laboratory  experi- 
ments which  subject  fish  to  stress. 

The  Modular  Acoustic  System's  spectral  capability  can  be 
applied  to  this  problem.  Spectral  structure  in  the  scattering 
cross  section  of  a fish  as  a result  of  its  gas  bladder  is  re- 
Jatable  to  its  physiology.  Shifts  in  the  structure  peaks  with 
changing  depth  of  the  fish  have  additional  physiological  implica- 
tions . 

Successful  implementation  of  such  experiments  requires  experi- 
mental conditions  as  controlled  as  nature  allows.  Sites  should 
be  chosen  where  only  one  species  of  nearly  one  size  are  examined. 
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4.  MICROTOPOGRAPHY  AND  SCATTERING 

4.1  Introductory  Comments 

Deviations  of  a surface  from  complete  flatness  determine  the 
scattering  of  energy ' from  that  surface  at  angles  in  addition  to 
that  of  the  specular  re-flection.  Many  measurements  of  scattering 
of, acoustic  energy  from  the  ocean  bottom  are  carried  out  under 
conditions  where  the , characteristic  roughness  of  the  bottom  is 
unknown.  The  roughness  parameters  are  inferred  from  scattering 
data  on  the  basis  of.,  a model  that  -may  not  he  correct.  Urick  (1967) 
stated  that  there  were  few  data- on  roughness  power  spectra  of 
ocean  bottoms.  More  recently,  Olay  and  Leong  (197^)  describe 
their  ov;n  inferences  of  bottom  roughn;  ;s,  based  solely  on  echo 
sounding  data.  Their  Work  emphasizes  the  desirability  of  knowing 
the. bottom  roughness  explicitly.  Luyendyk's  (1969)  measurement 
of  the  roughness  specti-um  with  the  Scripps'  vehicle,  Deep  Tow, 
is  one  of  the  few  instances  where  this  roughness  has  been  directly 
measured.' 

’.V 

The  direct  tie  between  bottom  roughness  parameters  due  to 
the  rule rotopography  and  the  scattering,  of  acoustic  energy  as  a 
function  of  both  angle  and  frequency  strongly  suggests  carrying 
out  an  experiment  where  both  measurements  are  made  in  a single 
ai-ea.  The  Modular  Acoustic  System  has  this  capability,  as  we 
discuss  below. 

4.2  Theoretical  Background  - Scattering 

Rather  than  outline  the  numerous  theories  of  sound  scattering, 
we  will  only  discuss  the  results  of  two  theories  which  present 
the  important  physical  concepts  and  parameters.  The  theories  are 
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those  of  Morse  and  Ingard  (1968)  and  Clay  and  Leong  (197^).  The 
latter  theory  uses  a more  precise  set  of  assumptions  for  measure 
ments  in  the  ocean  than  those  found  in  Morse  and  Ingard. 


The  scattered  intensity  from  a surface  of  area  in  the  x-y 
plane  is  given  by  Eqs.  ^1.1  through  4.4  (Morse  and  Ingard,  1968, 
Eqs.  8.3.4  and  8.3.12),  provided  the  distance  Rj  of  the  receiver 
from  the  surface  is  large  compared  to  the  dimensions  of  the  area 
Aq*,  and  provided  the  maximum  displacement  of  the  surface  is  less 
than  a wavelength. 


lo  - 

3 1 


COS0^  COS0 


|(cos0^+$g)  (cos0+6g) 


k'*YNz(kY)M  » (^-1) 


where  1^^  is  the  incident  Intensity;  0^  is  the  Incident  angle,  and 
0 is  the  scattered  angle,  both  measured  relative  to  the  normal  to 
the  surface;  6g  is  the  surface  admittance;  and  k is  the  wave 
vector.  Y is  an  angular  function  involving  the  components  of  the 
incident  and  scattered  directions  in  the  x-y  plane  and  is  defined 
by 

Y^  = — (p2+p2)  ^ (4.2a) 

k2  X y 

where 

* k( sin0^cos(()^  - sin0cos4»)  (4.2b) 


*We  have  eliminated  variations  in  surface  admittance  in  this  pre- 
sentation of  the  Morse  and  Ingard  formalism,  since  they  assume  a 
point  reacting  surface.  Incorrect  for  the  sea  floor.  A complete 
solution  to  the  scattering  problem  should  include  these  effects 
for  surfaces  of  extended  reaction  (defined  in  Morse  and  Ingard, 

1968) . 
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y = k(sln6 . sln<t).  - sln0sln<l))  . (^.2c) 

y XI 

<})^  and  0 are  azimuthal  angles  in  a system  of  polar  coordinates, 
corresponding  to  the  polar  angles  0j^  for  the  incident  wave  and  0 
for  the  scattered  (Morse  and  Ingard,  Figs.  8.7  and  8.9). 

The  characteristics  of  the  bottom  are  contained  in  Z(ky), 
which  is  the  two-dimensional  spatial  Fourier  transform  of  the 
roughness  parameter  ^(r^).  ^ is  the  deviation  in  the  vertical 

direction  of  the  surface  from  complete  flatness  at  the  point 

bottom  (r^  = x Ai+y^J)-  The  power  spectral  density 
of  Z(ky)  can  be  computed  from  the  Fourier  transform  of  the  cor- 
relation function  for  the  bottom.  That  function  is  assumed  to 
be  Gaussian  by  Morse  and  Ingard  and  has  the  form 

T^^(d)  = <?'>  , (4.3) 

where  is  the  rrns  value  of  C over  the  area  A^,  d is  a hori- 

zontal distance  variable  over  which  correlation  is  to  be  deter- 
mined, and  is  the  correlation  length.  Correlation  length  can 
be  viewed  as  a characteristic  distance  over  which  correlation  of 
the  deviation  C from  flatness  is  significant. 

Computing  the  spatial  Fourier  transform  of  Eq.  4.3  yields 
|Z(kY)l^  For  inclusion  in  Eq . 4.1. 

^ ^ Y ^ (i)  ^ 

lZ(ky)l^  = (4.4) 

8tt  ^ ^ 

Equations  4.1  through  4.4  contain  the  germ  of  an  ocean-bottom 
experiment  relating  microtopography  and  scattering  measurements 
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to  be  performed  with  the  Modular  Acoustic  System.  We  measure 
the  microtopography  in  an  area  by  determining  S(r^)  through- 
out the  area  as  a function  of  the  two  horizontal  coordinates, 
and  y^.  We  then  compute  the  mean-square  value  of  C (<C‘">), 
and  evaluate  the  spatial  autocorrelation  function  T^(d)  from  the 
data.  Assuming  for  the  moment  that  T^(d)  has  a Gaussian  form, 
the  correlation  length  w_  can  be  determined.  Equation  4.4  for 
|Z(kY)r  immediately  follows.  Then  Eq.  4.1  predicts  the  scattered 
intensity  as  a function  of  both  angle  (0^^,  0,  and  y)  and  frequency, 
or  wavenumber  (k).  The  predicted  scattering  can  then  be  compared 
directly  with  that  measured  to  test  the  validity  of  the  theory. 

For  backscattered  energy  (the  only  type  which  the  Modular  Acoustic 
System  can  measure  until  additional  instrumentation  is  implemented 
as  described  in  Sec.  2.12),  the  angular  functions  in  Eq.  4.1 
simplify  as  follows: 


COS0^  COS0 
(cos0^+3g)  (COS0+3,) 


cos^0^ 
(cos0^  + 3q  )■* 


(4.5) 


Y = 2 sln9, 


(4.6) 


While  the  theory  from  Morse  and  Ingard  discloses  some  of 
the  important  parameters  such  as  correlation  length  and  mean-square 
height  variation,  it  requires  modification  for  the  experimental 
conditions  encountered  in  actual  at-sea  experiments.  Clay  and 
Leong  (1974)  provide  an  excellent  review  of  these  considerations, 
combining  theory  and  experiment  in  a single  paper.  For  instance, 
by  examining  the  spectral  data  of  Luyendyk  (1969),  they  determine 
an  empirical  form  for  T^(d)  and  find  it  is  better  fit  by  a straight 
line  than  a Gaussian  function  (Clay  and  Leong,  Eq . 3.6  and  Fig. 
3.4).  For  any  actual  shape  of  T^(d),  Z(ky)  can  be  determined  by 
a spatial  two-dimensional  Fourier  transform. 
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In  addition,  they  reason  that  the  scattered  Intensity  will 
be  proportional  to  the  area  (as  indicated  by  Eq . 4.1)  only  if 
the  scale  of  the  roughness  (which  is  given  by  the  correlation 
length  10^)  is  much  less  than  the  radius  of  the  first  Fresnel  zone. 
That  radius,  r,., , is  given  by  the  formula 

V 

rp  = (XRj/2)'"^  , (4.7) 

where  X is  the  wavelength  of  the  sound  and  Rj  is  the  range  from 
source-receiver  to  the  scattering  surface.  The  radius  of  the 
first  zone  is  clearly  changed  as  R^  is  changed.  For  large  R^, 
rp  will  be  much  greater  than  and  the  scattering  proportional 
to  A^,  but  as  Rj  is  decreased,  and  rp  becomes  of  the  order  of. 

the  surface  will  be  coherent  over  the  first  Fresnel  zone. 
Pressures  rather  than  intensities  will  sum,  resulting  in  a sharp 
increase  in  scattered  energy  in  certain  directions.  This  change 
from  incoherent  to  coherent  scattering  can  be  measured  with  the 
Modular  Acoustic  System  as  ALVIN  decreases  its  range  (Rj)  to  the 
surface.  Typical  beam  widths  of  the  Modular  Acoustic  System  will 
be  larger  than  the  first  Fresnel  zone  for  most  distances.  For 
Instance,  this  is  true  at  35  kHz  for  Rj  > 4.4  m and  at  3 kHz  for 
Rj  > 0.8  m.  Thus,  an  experiment  examining  the  dependence  of 
scattered  Intensity  on  area  may  be  conducted  for  all  R,  greater 
than  these  limits. 


The  formalism  of  Clay  and  Leong  (1974,  App . I,  Eqs.  17  — 29) 
is  more  detailed  than  that  of  Morse  and  Ingard.  In  addition  to 
the  correlation  function  r,.(d)  (Eq.  4.3),  they  consider  the 
probability  distribution  function  of  surface  heights  in  a simple 
form. 


W 

G 


lL- 


(4.8) 
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this  function's  modification  for  shadowing  effects  at  small 

grazing  angles,  and  a characteristic  function- Cg  determined  by 

W„  and  T-(d).  C, , In  turn,  determines  the  scattered  Intensity, 

u t, 

This  more  complicated  formalism  may  be  necessary  In  some  experi- 
mental situations  where  that  of  Morse  and  Ingard  does  not  provide 
a good  match  to  the  data. 

By  examining  the  broadening  of  echo  sounder  traces.  Clay  and 

1, 

Leong  are  able  to  set  limits  on  In  some  areas,  they  esti- 

mate It  to  be  less  than  one  centimeter  (197^,  P.  380).  This  figure 
of  1 cm  Is  then  an  upper  limit  on  the  vertical  resolution  one 
might  seek,  but  It  Is  a limit  we  are  unlikely  to  attain  (Sec.  ^.5). 

4.3  Determination  of  Mi crotopography  from  ALVIN 

In  any  experiment,  the  first  step  is  a determination  of  the 
small-scale  topography.  The  problem  Is  simply  stated:  knowing 

position  In  the  horizontal  plane  what  Is  the  height 

^(r^)  and  how  does  It  vary  as  x^  and  y^  change  In  a known  way? 

This  question  can  be  answered  in  either  a deterministic  or  a 
statistical  way. 

4.3.1  Deterministic  measurement  of  C(r^) 

x^  and  y^  can  be  determined  by  the  use  of  the  ALVIN  naviga- 
tion system  known  as  ALNAV.  While  the  absolute  position,  x^  and 
y^,  are  poorly  given  by  this  system,  relative  changes  In  x^  and 
y^  are  given  with  far  greater  precision.  A general  discussion 
of  this  accuracy  Is  found  In  Sec.  5.3.1,  where  we  see  that  rela- 
tive errors  may  be  less  than  1%  in  the  center  of  a navigation 
net.  Relative  changes  are  all  that  are  really  Important  in 
determining  spectral  amplitudes  vs  wavevector  In  the  horizontal 
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plane  of  the  ocean  bottom.  Accuracies  will  be  Best  for  shorter 
wavelengths  where  the  errors  In  relative  position  are  least. 
Absolute  errors  will  Increase  as  wavelength  Increases,  although 
relative  errors  will  not  increase  to  the  same  degree. 

These  high  relative  accuracies  are  possible  along  one  track, 
but  not  in  directions  normal  to  a track.  The  accuracy  in  the 
normal  direction  is  limited  by  the  accuracy  with  which  we  can 
return  to  a given  point  in  the  ocean,  since  this  determines  how 
well  we  can  define  the  separation  of  two  nominally,  parallel  tracks. 
As  discussed  in  Sec.  5.3.1*  this  error  will  be  1.5  m at  a minimum. 

In  many  situations,  this  1.5-m  error  would  be  unacceptably 
large.  If  so,  the  investigator  should  think  of  implementing  the 
more  precise  navigational  scheme  discussed  by  Spindel  in  Hunt 
et  at,  (197^),  which  increases  the  accuracy  in  relative  positions 
by  two  orders  of  magnitude  using  Doppler  shift  Information.  This 
would  be  a major  development  effort. 

Alternatively,  the  statistical  sampling  scheme  described 
in  Sec.  could  be  employed  in  some  situations. 

The  second  part  of  the  problem  is  determination  of  C once 
and  y^^  are  known.  This  can  be  accomplished  acoustically  by 
driving  the  high-band  transducer  of  the  Modular  Acoustic  System 
at  its  upper  limit,  about  ^5  kHz,  while  pointing  it  downward. 

Choice  of  the  high  frequency  gives  minimum  beamwidth  (about  6°) 
and  minimum  penetration  into  the  sediment  so  the  primary  return 
will  be  only  from  the  ocean-bottom  interface. 

The  limit  on  the  accuracy  of  this  measurement  of  i is  fixed 
by  the  accuracy  with  which  relative  changes  in  depth  are  known. 


Hi'S  h, 
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Obviously,  we  wish  to  measure  the  wiggles  In  the  ocean  bottom  and 
not  the  apparent  wiggles  caused  by  ALVIN* s depth  fluctuations  as 
it  moves  along  its  survey  path.  The  depth  meter  on  ALVIN  has  a 
readout  accuracy  of  1 m,  which  is  far  too  large  an  error.  In 
Sec.  ^.5,  we  discuss  a strain-gauge  depth  meter  with  standard 
deviation  of  2.8  cm.  Further  instrumental  developments  will  re- 
duce this  figure  in  time  and  hence  Improve  the  accuracy  of  the 
determination  of  C. 

4.3.2  Statistical  measurement  of 

Scattering  measurements  are  modeled  by  statistical  descrip- 
tions of  the  ocean  bottom,  as  we  saw  in  Sec.  4.2.  These  descriptors 
Include  correlation  lengths  (Eq.  4.3)  and  probability  distribution 
functions  of  the  height  (Eq.  4.8).  Under  these  circumstances, 
where  statistical  quantities  are  used,  it  is  not  necessary  to 
carry  out  a precise  navigational  survey  of  the  ocean  bottom.  It 
is  necessary  only  to  sample  C(r^)  along  random  straight-line  paths. 
We  must  keep  track  of  the  horizontal  separation  between  vertical 
soundings  along  a given  path  to  determine  the  dependence  on  hori- 
zontal wavevector,  but  it  is  not  necessary  to  know  the  actual 
location  of  the  path  within  the  area  A^. 

For  a random  sampling  method  to  be  meaningful,  all  parts  of 
the  area  should  be  sampled  equally.  That  is,  if  is  the 
probability  of  sampling  a small  area  A within  Aq,  should  be 
made  nearly  constant  in  value  over  the  area  Ap  by  an  intelligent 
choice  of  the  sampling  scheme. 

We  will  describe  one  such  .scheme,  compute  P^,  and  show  how 
to  select  a portion  of  the  area  Aq  so  that  P^  can  be  as  arbitrarily 
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close  to  constant  as  the  Investigator  feels  is  necessary.  The 

i 

result  is  shown  in  Pig.  ^.2,  based  on  evaluation  of  an  elliptic 
integral. 

Our  sampling  area  is  a circle  of  radius  ro . This  could 
be  set  up  by  implanting  a transponder  or  reflector  at  the  circle 
center  and  then  tracing  a circle  in  the  sediment  with  ALVIN  as 
it  maintains  constant  range  to  the  transponder.  This  trace  could 
be  created  either  by  ALVIN’s  skid  or  by  trailing  some  sediment 
marker,  such  as  bright  pellets,  from  ALVIN's  underside. 

In  sampling,  ALVIN  starts  at  the  perimeter  and  steers  a 
straight-line  course  (randomly  chosen)  until  it  encounters  the 
other  side  of  the  circle.  Height  above  the  bottom  and  depth  are 
measured,  as  discussed  in  Sec.  ^1.3.1.  Distance  along  the  path 
is  determined  by  Integration  of  a velocity  meter  mounted  on  ALVIN. 
For  maximum  precision,  a Doppler  bottom-bounce  velocity  meter 
should  be  installed.  When  the  submersible  encounters  the  far 
side  of  the  perimeter,  the  operator  queries  a random  number 
generator  giving  any  angle  in  the  range  0°  to  360°  with  equal 
probability.  This  angle  is  added  to  the  old  course  to  give  the 
new  course;  if  the  new  course  does  not  lie  within  the  circle, 

180°  is  subtracted. 

This  geometry  is  shown  in  Fig.  ^.1,  where  the  large  circle 
is  the  area  A^  of  radius  r^,  and  r^  is  the  distance  from  the  circle 
center  to  the  small  area  A.  The  path  along  which  ALVIN  steers 
is  given  by  the  vector  r from  the  point  B on  the  perimeter.  The 
angle  \p  has  an  equal  probability  of  having  any  value  between 
" ‘ and  +90°,  because  of  the  random  con.rse  selection  procedure 

' ■ described  in  the  prior  paragraph. 
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We  ask  first  what  is  the  conditional  probability,  P^g,  of 
intersecting  area  A if  we  start  at  B.  We  pose  this  problem  a 
little  more  precisely  by  supposing  we  sample  an  area,  also  t^ual 
to  A,  under  the  submersible  as  it  traverses  its  course  along  r 
(this  is  shown  by  the  small  circle  part  way  along  r) . P^g  is 
then  defined  as  the  probability  of  the  center  of  the  area  to  be 
sampled  lying  anywhere  within  the  sampling  area  under  the  sub- 
mersible. If  we  define  the  radius  of  the  area  A as  a,  then  P^g 
is  one  for  0 ^ r ^ a.  For  greater  values  of  r,  P^^g  will  fall 
off  as  1/r,  since  any  direction  is  equally  probable  (lij  is  random) 
and  the  arc  length  in  an  angular  range  d\j;  is  proportional  to  r. 
Pab  then  has  the  form 


for  0 ^ r i a 
r > a 


(^.9) 


We  found  it  necessary  to  pay  special  attention  to  the  range  r 
less  than  a to  prevent  the  solution  becoming  infinite  for  r^  “ r^,. 

r is  expressed  in  terms  of  the  other  quantities  in  Pig.  ^.1, 
using  a trigonometric  Identity  (Dwight,  1957) 


_ p2  ^ j.,2  _ 2r^r^  COS0  . (M.IO) 

The  probability  P^  can  be  calculated  from  P^g  by  using  the  proba- 
bility of  B lying  at  a particular  point  on  the  perimeter.  Calling 
this  probability  Pg,  we  observe  that  our  sampling  scheme  is  not 
predisposed  to  any  particular  position  on  the  perimeter,  so  that 
d(Pg),  which  is  the  probability  of  B lying  in  any  incremental 
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angle  d8,  is  independent  of 


d(Pg)  ~ d0/2TT  . 


(^.11) 


By  integrating  over  all  the  possible  B positions,  we  get  P^,  the 
probability  of  sampling  area  A. 


2tt 


2tt 


^AB 


d6 


' 


(rQ+r^-2r'j,r^cos9  )’^  2ti 


(^.12) 


for  r^  ^ r„  - a, 


The  Integral  (I)  in  Eq.  4.12  is  transformed  into  an  elliptic 
integral  by  the  two  sequential  transformations, 

X ~ TT  - G 


and 


4>  = 


X 

2 


(^.13) 


I = 


a*  2 
2tt 


d0 


a 

TT 


dx 


(r2+r2+2r„r^cosx)^ 


fTr/2 


2 a 

TT 


d^ 


(rj+ry+2r^r^-4r^r^sin2(j,) 


(4.14) 


*The  proportionality  constant  in  Eq . 4.11  is  given  by  the  number 
of  traverses  by  ALVIN.  IVe  have  not  as  yet  complete. d this  part 
of  the  calculation;  it  is  not  necessary  to  our  present  calcula- 
tion. 
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where  we  have  used  the  Identity  cos24>  = 1 - 2sln^(|). 

tt/2 


T = 


_ 2a  1 


IT  r + r. 
0 "A 


d<{) 


( l-k^sin^(j))' 


2a 

TT 


* '’a 


K(k)  , (A. 15) 


where 


(ro+r^)2 


(^.16) 


and  K(k)  Is  the  complete  elliptic  ' integral  (Jahnke  and  Emde , 19J45), 
which  is  tabulated.  , , 

Finally,  if  we  drop  some  cf  the  addit.ional  proportionality 
factors,  we  f;et  for  P^, 


I 


..lulL.. 

(r'o  + r.  ) 


1 


l for  r,  < r.  - a , 0.17) 

0*r„/r,)  A - 0 


In  . 2 , we  plow  P^  at  arbitrary  radius  r^  , compared  to  P 


ai  r,  = 0,  namely, 


(]+r/,/ro)' 


A 


A 


K(0) 


l+r^/r„  ’ 


.■■.!i')W.s  how  well  we  sample  an  area  at  radius  r^ , compared  to 


•■"Mor  ol‘  the  circle. 


?p 


lV> 


FIG.  4.2.  PROBABILITY  OF  SAMPLING  AN  AREA  A AT  A DISTANCE 

FROM  THE  CENTER  (RELATIVE  TO  THE  RADIUS  OF  THE 
SAMPLED  AREA,  rj.  NORMALIZED  BY  THE  PROBABILITY 
OF  SAMPLING  AT  THE  CENTER  (r;^=0).  Tj  IS  A RADIUS 

DEFINING  AN  AREA  WITHIN  THE  SAMPLED  AREA  A,  SUCH 
THAT  THE  NORMALIZED  PROBABILITY  LIES  BETWEEN  1 
AND  1.25. 


76 


Report  No.  3110 


Bolt  Beranek  and  Newman  Inc. 
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I ^ 


For  Tg  2 r > V ^ - a,  the  elliptic  Integral  of  the  first 
kind  P(4i,a)  (Jahnke  and  Emde,  19^5)  Is  the  result  of  the  Integra- 
tion giving  Py^.  We  have  used  F with  a particular  choice  of  a/r^ 
to  evaluate  the  probability  for  areas  near  the  perimeter  of  the 
circle.  The  I'esult  Is  Incorporated  In  Pig.  ^.2.  Equation  ^.18 
cannot  be  used  for  the  entire  r^^  range  since  K(l)  Is  Infinite. 

Examination  of  Fig.  >\.2  discloses  how  to  select  a portion  of 
Ag  so  the  probability  Is  nearly  constant.  A second  circle  of 
radius  Tj  Is  drawn  within  the  larger  circle  of  radius  r^^.  As  r^ 

Is  decreased,  the  degree  of  constancy  Improves. 

Operationally,  one  would  select  the  area  one  v;ished  to  measure 
acoustically.  This  would  dictate  rj.  Ty  Is  then  selected,  based 
on  the  degree  of  constancy  in  Py^  which  the  investigator  feels 
necessary.  Both  circles  are  marked  on  the  sediment.  The  sub- 
mersible then  passes  back  and  forth  between  the  limits  set  by 
the,  circle  A^,  but  measures  C only  within  the  smaller  circle  of 
radius  r ^ . 

Other  random  sampling  schemes  can  be  developed,  consistent 
with  the  navigational  abilities  of  ALVIN.  Some  may  give  even 
better  constancy  in  Py^  than  we  have  attained  here.  Our  purpose 
was  to  consider  a specific  useful  example  and  develop  the  formalism 
Note  that  our  procedure  presupposes  Isotropy  In  the  roughness  In 
the  horizontal  plane..  Thus,  it  v/ould  be  an  inappropriate  pro- 
cedure to  follow  if  t;hc  dominant  structure  was  sand  waves. 

4.4  Scattering  Measurements 

Once  the  microtopography  has  been  ascertained,  either  deter- 
ministically or  statistically,  a scattering  measurement  can  be 
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carried  out  in  the  sampled  area  using  the  Modular  Acoustic  System. 
The  System  can  be  operated  over  a range  of  frequencies  and  over 
a full  range  of  values  of  the  angle  of  incidence  by  using  the 
trainable  transducer  mount.  Section  ^.2  shows  that  scattered 
energy  depends  on  both  frequency,  and  angle. 


A first  series  of  measurements  should  examine  backscatterlng 
only,  using  ALVIN's  common  transmitter-receiver.  Later  measure- 
ments  could  examine  scattering  at  other  angles,  using  additional  : 

instrumentation  deployed  external  to  ALVIN  (Sec.  2.12).  Measure- 
ments at  normal  incidence  to  the  bottom  will  contain  reflected  as 
well  as  scattered  energy,  so  the  investigator  will  wish  to  con- 
centrate his  measurements  at  other  angles.  Attention  must  be 
given  to  the  area  actually  Insonified,  since  this  is  dependent 
on  pulse  length  and  angle  of  incidence  (Sec.  2.9). 

The  final  result  is  a comparison  of  scattered  energy  and 
theoretical  predictions,  providing  the  basis  for  refinements  both 
in  the  theory  and  the  experimental  procedures . 

!■ 

4.5  Supplemental  Instrumentation  |; 

The  need  for  Instrumentation  in  addition  to  the  Modular  I 

Acoustic  System  has  been  discussed  in  previous  sections.  These  | 

Include  the  ALNAV  navigation  system  for  ALVIN  and  its  refinements  I 

(Sec.  4.3.1),  a velocity  meter  (Sec.  4.3.2),  and  a detached  de-  'I 

tector  system  for  scattering  measurements  other  than  backscatter  ;| 

(Sec.  4.4).  Details  on  these  can  be  found  elsewhere  in  this 
report  (Secs.  2.12  and  5.3.1). 

I '5 

A critically  Important  instrument  is  a depth  metev  capable  il 

ii 

of  measuring  relative  changes  in  the  submersible's  depth  during 
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sampling  of  the  microtopography . A worthy  candidate  is  the  Plessey 
Environmental  Systems  Model  4026  Pressure  Sensor.  This  is  a strain 
gauge  whose  absolute  accuracy  and  resolution  have  been  enhanced 
by  temperature  compensation.  Its  depth  range  is  0 to  20,000  ft, 
with  an  absolute  accuracy  of  +6  ft  over  a 30-day  period.  However, 
oui’  concern  Is  not  with  an  absolute  measure  of  depth,  but  in 
accurately  monitoring  relative  depth  changes.  An  indication  of 
the  resolution  possible  is  contained  in  tests  carried  out  in  1970 
on  this  instrument  for  the  US  Naval  Underwater  Sound  Lab,  New 
London,  Connecticut  (Clausen,  197^). 

The  first  test  measured  stability,  based  on  more  than  35 
measurements  of  4-  and  2-sec  averages  of  the  depth  reading  when 
the  gauge  wa ' statically  loaded  with  weights.  The  standard 
deviation  - the  4-sec  averages  was  0.045  psi,  corresponding 
to  2.8  cm  of  depth.  The  standard  deviation  for  2-sec  averages 
corresponded  to  3.9  cm  of  depth.  The  standard  deviation  for 
other  time-period  averages  can  be  computed  by  noting  that  the 
ratio  of  the  variances  [1.93  = (3-9/2. 8)^]  is  nearly  equal  to 
the  inverse  ratio  of  the  two  averaging  times  (2  = 4/2). 

The  second  test  measured  resolution  of  a 0.5-psl  change  in 
pressure  at  the  maximum  pressure  measured  by  the  unit,  10,000  psi. 

By  averaging  40  measurements  of  4-sec  averages  of  10,030.0  psi 
and  10,030.5  psi,  an  average  difference  of  0.496  psi  was  determined, 
This  is  quite  good,  but  the  submersible  is  motlonally  unstable 
enough  that  unaveraged  measurements  would  probably  be  required 
every  4 to  10  sec  rather  than  every  I60  (=  4 x 40).  Thus,  the 
resolution  is  determined  not  by  these  longer  averages  but  by  the 
standard  deviations  determined  in  the  stability  test  (this  same 
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deviation  was  determined  in  the  resolution  test  as  well).  Using 
two  standard  deviations  as  an  estimate  of  the  accuracy  with  which 
we  measure  relative  changes  in  depth,  we  conclude  that  the  Plessey 
Model  i}026  can  resolve  changes  of  6 cm  or  greater  if  ^-sec  averages 
are  used. 

The  state  of  the  art  may  well  have  advanced  since  this  system 
was  tested  in  1970.  Before  selecting  an  actual  depth  meter,  it 
would  be  well  to  consider  newer  systems,  particularly  those  made 
by  Nell  Brown  Instrument  Systems,  Falmouth,  Massachusetts. 

4.6  Experimental  Sites 

There  should  be  little  difficulty  in  picking  out  many  sites 
where  the  small-scale  topography  could  be  examined  in  the  way 
described  in  this  section. 

A number  of  specific  areas  lie  along  the  Gay  Head-Bermuda 
transect,  a region  that  has  been  studied  extensively  by  benthic 
ecologists.  Grassle  et  at,  (1975)  describe  observations  of  the 
bottom  topography  and  fauna  made  from  ALVIN  in  a number  of  dif- 
ferent depth  ranges  along  this  transect.  For  instance,  they 
note  an  unusual  small-scale  relief,  probably  created  by  the  red 
crab  Geryon  quinquedens  x "Mounds  and  depressions,  often  with 
burrows,  were  everywhere.  These  mounds  were  up  to  a meter  across, 
the  largest  being  irregular  in  form  and  usually  with  several 
burrow  openings." 

4.7  Conclusions 

Since  microtopography  of  the  ocean  bottom  and  scattering 
of  acoustic  energy  by  the  bottom  have  a direct  relationship  to 
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one  ano'.her,  it  is  lo{';ioal  to  measure  both  quantities  at  a site 
as  a test  roi'’  particular  scatterinp;  theories.  The  Modular  Acoustic 
System  can  he  used  for  both  these  tasks.  The  topop;raphy  can  be 
dotormined  either  directly,  usinj.’;  the  AL.VIM  navigation  system  to 
define  the  measurement  j’;eometry,  or  statistically.  In  either  case, 
depth  variations  must  be  measured  precisely.  An  interestirp;  and 
varied  set  of  sites,  which  have  alr-eady  been  examined  visually 
from  ALVIN,  lie  alonj’;  the  day  Head-Bermuda  transect. 
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5.  SEISMIC  PROFILING  AT  3.5  kHz 
5.1  Background  Discussion 

In  Sec.  5,  we  will  consider  measurements  of  sub-bottom 
structure  using  the  Modular  Acoustic  System  on  ALVIN,  operating 
at  3.5  kHz. 

Studies  of  the  sedimentary  and  rock  s-.ructures  underlying: 
the  sea  floor  have  relied  heavily  on  the  general  set  of  techniques 
known  as  seismic  profiling  (Hill,  1963;  Maxwell,  1970).  These 
techniques  include  not  only  measurements  with  sources  such  as 
spankers  and  air  guns,  which  concentrate  their  energy  at  fre- 
quencies 100  Hz  and  below,  but  also  with  echo-sounding  transducers 
operating  at  3*5  kHz.  The  criteria  for  choice  of  these  systems 
have  included  depth  of  penetration  below  the  sea  floor  (for  which 
the  low-frequency  systems  are  used)  and  fineness  of  resolution 
in  observed  structure  (which  have  more  often  relied  on  the  higher 
frequency  system).  Concern  about  resolution  has  resulted  in  the 
operation  of  12-kHz  systems  Just  above  the  sea  floor  with  very 
short  pulse  lengths  of  about  0.2  msec  (Dow,  196iJ,  1975). 

The  correlation  of  acoustic  horizons  with  layering  in  cores 
taken  in  the  same  region  is  a common  goal  of  geophysical  investi- 
gators. There  have  been  some  instanc(?s  of  striking  success,  such 
as  in  the  Tyrrhenian  Basin  (Ryan  et  at.,  1965;  Hastrup,  1970) 
where  there  is  widespread  horizontal  homogeneity  in  the  sediments. 
However,  other  effects  have  been  frustrat ingly  unsuccessful. 

Knott  (1975)  has  mentioned  the  nearly  total  lack  of  success  in 
relating  seismic  i)rofillnf”  measurements  at  3.5  kHz  with  the  core 
samples  taken  in  the  Giant  Piston  Corer  (Hollister  et  at . , 1973; 
Silva  and  Hollister,  1973).  'Hie  transducer  which  Knott  has 
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employed  has  a 3-dB  beamwldth  of  30°  and  Is  hull-mounted  on 
surface  ships.  In  typical  operating  depths  of  1000  to  5000  m, 
this  insonlfies  large  areas  of  the  ocean  floor.  Except  In  those 
rare  instances  where  the  sea  floor  and  the  underlying  sedimentary 
and  rock  horizons  are  totally  smooth,  there  will  be  significant 
energy  returns,  as  a result  of  scattering  processes,  at  many 
angles  of  incidence  other  than  the  angle  for  specular  reflection 
(Clay  and  Leong,  197^).  Thus,  any  one  pulse  in  the  acoustic 
measurement  samples  a wide  area  which  often  has  variable  charac- 
teristics, such  as  the  depth  of  the  horizon.  Under  these  cir- 
cumstances, it  is  indeed  rare  that  the  core,  taken  at  one  dis- 
crete point,  would  show  the  same  fine  structure  as  shown  in  the 
acoustic  measurement. 

Part  of  this  same  problem  with  measurements  made  from  the 
surface  is  the  pictorial  distortion  which  occurs  in  the  representa- 
tions of  the  bottom  and  sub-bottom  topography  found  on  facsimile 
recorders.  As  the  terrain  roughens  and  slopes  become  steeper, 
there  are  "side  echoes"  added  to  the  bottom  echoes  particularly 
when  the  reflector  is  more  concave  than  the  wavefront.  With  a 
single  pass  over  an  area,  the  proper  topography  cannot  be  re- 
covered, although  If  multiple  passes  are  made  throughou*"  the 
region  the  technique  of  "migration"  may  be  applied  to  resolve 
many  ambiguities  (Grant  and  West,  1965). 

All  these  problems  arise  because  the  illuminated  area  on 
the  bottom  is  too  large.  The  area,  in  turn,  is  determined  by 
the  depth  and  the  beamwidth  of  the  transducer.  The  obvious 
solutions  are  reducing  the  beamwidth  in  surface  systems  or 
placing  the  transducer  much  closer  to  the  ocean  floor.  Narrower 
beamwidths  have  been  implemented  in  Navy  survey  ships  (Maley  et 
at,,  197^),  and  the  usefulness  of  placing  the  transducer  closer 
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to  the  ocean  floor  has  been  dramatically  displayed  in  Scripps’ 
towed  underwater  vehicle,  Deep  Tow  (Lonsdale  et  al.t  197f*'). 

Deep  Tow  shows  penetration  of  up  to  100  m into  sediments  ,at  ^.0 
kHz  and  eliminates  many  pictorial  distortions  with  the.,  same 
^1.0  kHz  system. 

Operating  the  Modular  Acoustic  System  with  a tuned  trans- 
ducer at  3.5  kHz  should  yield  comparable  improvements.  When  the 
submersible  skims  beneath  the  ocean  surface  Just  10  m above 'the 
bottom,  small  areas  will  be  illuminated,  permitting  more  accurate 
comparison  with  cores  and  the  construction  of  more  accurate  maps 
of  both  bottom  and  sub-bottom  topography. 

5.2  Penetration  into  the  Bottom 

Of  immediate  Interest  is  the  depth  of  penetration  into  the 
bottom  which  one  might  expect  using  the  Modular  Acoustic  System. 
This  has  not  been  tested  at  sea.  However,  we  can  make  an  esti- 
mate through  a comparison  of  the  operating  parameters  of  the 
Modular  Acoustic  System  with  those  of  two  3.5/^-kHz  systems 
that  have  successfully  penetrated  bottom  sediments.  They  are 
the  Woods  Hole  Oceanographic  Institution  shipboard  system 
(Knott,  1975)  and  the  Scripps  Institution  of  Oceanography  system. 
Deep  Tow  (Lonsdale  et  al , ^ 197^;  Spiess  and  Tyce,  1973).  Table 
5.1  summarizes  important  operating  data  supplied  by  the  cited 
sources.  The  data  for  the  Modular  Acoustic  System  are  found  in 
McElroy  (1975)  and  unpublished  data.  The  purpose  is  to  estimate 
a maximum  penetration  for  the  Modular  Acoustic  System  at  both 
3.5  kHz  and  at  an  alternate  higher  Irequency  (6  kHz)  with  a 
narrower  beamwldth. 

We  will  employ  the  simplest  possible  model  in  making  the 
comparison.  Equation  5.1  is  token  from  Clay  and  Leong  (197^, 
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Eq.  1,1)  and  gives  the  ensemble  average  of  the  specularly  re- 
flected pressure  at  a receiver,  <p>,  where  the  source  level  at 
1 m is  Pj  and  the  source  and  receiver  distances  in  the  specular 
directions  are  R and  R^,  respectively.  <V>  is  the  ensemble 
average  of  the  rei'lectlvity  coefficient. 


<p> 


Po 


‘<V> 


(5.1) 


This  expresses  loss  caused  by  spherical  spreading  of  the  specu 
larly  reflected  wave.  For  a common  source  and  receiver,  R^  = 
Rj  = R.  We  will  Ignore  the  changes  in  R caused  by  refractive 
effects  in  the  bottom,  but  will  include  the  losses  due  to  at- 
tenuation in  the  sediment,  a,  by  modifying  Eq , 5.1  as  follows: 


<p>' 


<V>^ 


R is  the  sum  of  two  parts,  and  r, 


R = R +r 
0 


(5.2) 


(5.3) 


where  Rq  is  the  water  depth  from  source  to  the  bottom,  and  r 
is  the  distance  into  the  bottom  to  the  reflecting  surface  charac 
terlzed  by  reflectivity  <V>. 

Thus,  the  model  expressed  by  Eq . 5.?  is  that  the  intensity 
at  the  receive  hydrophone  is  determined  (1)  by  the  source  level 
pp,  (2)  by  spherical  spreading  of  the  wave  from  the  source  into 
the  sediment  down  to  the  reflecting  horizon  with  reflectivity 
<V>  and  back  to  the  source,  and  (3)  by  the  attenuation  in  the 
sediment  over  the  distance  r and  back  within  the  sediment. 
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We  can  compute  <p>*  for  the  Modular  Acoustic  System  and 
equate  it  to  <p>^  for  either  of  the  two  other  systems,  thereby 
determining  an  estimated  value  of  r for  the  Modular  Acoustic 
System.  Equating  the  two  expressions  for  <p>^  assumes  that  the 
slgnal-to-noise  discrimination  of  the  two  systems  are  equivalent.^ 
We  also  assume  that  the  reflection  coefficients  <V>  at  the  maximum 
depth  of  penetration  of  each  of  the  systems  are  equal. 


a is  determined  from  Hamilton  (1974),  who  shows  a value  of 
0.15  dB/m  at  3.5  kHz  for  clayey  silt  and  silty  clay,  increasing 
to  2 dB/m  for  sands.  Since  we  are  making  comparisons  for  maxi- 
mum penetration,  we  use  the  0.15  figure,  so  that,  after  con- 
verting to  decibels. 


4.34a  = 0.15  dB/m 


(5.4) 


Dividing  Eq.  5«2  for  <p>^  for  the  WHOI  or  Deep  Tow  system 
(we  use  superscript  "WHOI"  for  either  of  these)  by  that  for  the 
Modular  Acoustic  System  (superscript  "sub")  and  taking  logarithms, 
we  get 


2 ^sub 


10  = 0 = 20  log  - 20  log  P 


,WHOI 


pWHOI . WHOI 

+ 20  log  — tTT”  2(4.34a)'^^°^r™^-2(4.34a)®'^^r®'^^ 

10+r 


(5.5) 


*We  have  excluded  the  receive  sensitivity  of  the  transducers  from 
this  calculation.  Receive  sensitivity  would  be  critically  im- 
portant to  the  determination  of  signal  to  noise,  were  it  so  low 
that  the  preamplifier  noise  level  in  the  receive-system  electronics 
set  the  noise  floor.  Actually,  for  all  the  systems  listed  in 
Table  5.1»  the  contribution  of  noise  from  state-of-the-art  pre- 
amplifiers at  the  frequencies  in  question  (3.5»  4.0,  and  6.0  kHz) 
is  less  than  sea-state-zero  noise,  that  is,  less  than  minimum 
noise  levels  external  to  the  systems. 
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All  quantities  in  this  equation  are  nlven  in  Table  5*1  except 
Solving  for  r^^^,  using  the  V/HOI-surface-system  data, 

gives 

= 190  m.  . (5.6) 

That  is,  based  on  a comparison  with  the  Woods  Hole  surface  system, 
we  might  expect  a penetration  of  about  190  m in  low  attenuation 
sediments  with  the  Modular  Acoustic  System  operating  at  3.5  kHz. 

A similar  calculation  can  be  carried  out  comparing  the 
penetration  of  the  WHOI  system  in  low  attenuation  sediments 
(0.15  dB/m)  and  the  Modular  Acoustic  System  in  high  attenuation 
sediments  (2  dB/m).  The  penetration  predicted  for  the  sub- 
mersible system  is  = l8.5  m. 

Lower  penetrations  are  predicted  by  comparison  with  the 
Deep  Tow  system  than  with  the  WHOI  system,  possibly  as  a result 
of  the  shorter  pulse  lengths  Deep  Tow  uses  (0.5  to  1 msec). 

In  sediments  with  attenuation  of  0,15  dB/m  the  predicted  pene- 
tration is  98  m,  while  In  sediments  with  attenuation  of  2 dB/m 
the  predicted  penetration  is  11  m. 

Although  attenuation  in  sediments  expressed  in  dB/m  increases 
in  direct  proportion  to  the  frequency  (Hamilton,  197M , the 
beamwldth  of  the  Modular  Acoustic  System’s  transducer  has  de- 
creased from  60°  at  3-5  kHz  to  about  ^0°  at  6.0  kHz.  This  de- 
creased beamwldth  may  be  an  advantage  in  some  situations  where 
increased  spatial  resolution  is  necessary,  provided  the  Investi- 
gator is  willing  to  accept  decreased  depth  of  penetration.  The 
increased  attenuation  is  slightly  offset  by  an  Increase  in  source 
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level  by  7 dB  at  6.0  kHz  compared  to  3.5  kHz.  The  predicted 
penetration  in  low  attenuation  sediments  at  6.0  kHz  (0.26  dB/m), 
based  on  a comparison  with  the  WHOI  system,  is  130  m. 

On  the  basis  of  these  comparisons,  the  Modular  Acoustic 
System  has  more  than  adequate  penetration  to  study  sediments 
within  the  depth  range  of  normal  cores  or  even  of  the  Giant  Pis- 
ton Core  which  can  penetrate  up  to  30  m (Hollister  et  al.^  197^). 
The  smaller  areas  of  the  bottom  which  it  insonifies  make  possible 
fine-scale  comparisons  with  these  cores.  Operations  at  fre- 
quencies other  than  3.5  kHz,  such  as  6.0  kHz,  may  be  appropriate; 
even  higher  frequencies  could  be  selected,  based  on  the  pene- 
tration of  the  core,  for  with  higher  frequency  there  is  reduced 
beamwldth  and  increased  spatial  resolution. 

5.3  Supplemental  Instrumentation 

Supplemental  instrumentation  falls  into  two  classes.  The 
first  is  those  components  and  systems  necessary  to  carry  out 
the  seismic  profiling  in  a meaningful  way,  and  include  the  ALNAV 
navigation  system  (Hunt  et  at.,  197^),  a precise  depth  indicator, 
and  a time  base  analogous  to  the  60  cycles  used  in  facsimile  re- 
corders. The  second  class  is  coring  tools  and  other  sampling 
devices  for  the  bottom. 

5.3.1  ALNAV 

Generally,  seismic  profiling  by  ALVIN  would  be  carried  out 
in  a small  area  which  was  to  be  studied  in  detail.  Investigators 
would  generally  wish  to  return  for  such  tasks  as  sampling,  coring, 
and  photography.  Thus,  it  is  essential  to  carry  out  the  seismic 
profiling  survey  within  a navigational  network.  That  network  is 
provided  by  the  ALNAV  system  designed  specifically  for  ALVIN,  which 
positions  ALVIN  in  three  dimensions. 
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Use  of  the  navigation  network  Is  not  a simple  matter.  Care 
must  be  taken  in  setting:  the  transponders  that  it  employs  pro- 
perly relative  to  the  area  to  be  studied.  Otherwise,  navigation 
errors  will  be  greatly  Increased.  Since  navir;atlon  Is  Important 
to  so  many  ALVIN  operations,  Including  many  of  an  acoustic 
character,  we  reproduce  here  a summary  of  conversations  held 
with  William  Marquet  (1975)  concerning  navigational  accuracy. 

Overall,  there  is  no  simple  answer  to  the  accuracy  question. 
It  is  dependent  on  a number  of  factors,  including  slant-range 
standard  error,  geometrical  errors  associated  with  the  ship's 
position  during  transponder  net  survey,  and  position  of  the 
submersible  relative  to  the  base  lines  of  the  transponder  net. 

There  is  no  single  summary  of  errors.  Rather,  the  total 
picture  must  be  inferred  from  a variety  of  documents: 

• Marquet  (1973)  shows  the  "jitter"  or  minimal  error  as- 
sociated with  trying  to  return  to  the  same  point  after 
following  an  arbitrary  course.  That  error  is  1.5  to  2.0  m 
(see  p.  15  of  Marquet  for  a figure  summary  of  this  experi- 
ment ) . 

• Marquet  and  Smith  (197^)  contains  the  summary  of  an 
error  analysis  of  ALVIN's  position,  assuming  certain 
errors  in  the  net  survey.  This  summary  is  taken  from 
an  unpublished  report  by  James  Metzler. 

• Hunt  et  al,  (197^)  contains  a mathematical  analysis  of 
errors  by  Smith,  giving  particular  attention  to  trans- 
ponder network  design  and  surveying. 

The  navigational  problem  and  its  associated  errors  can  be 
summarized  as  follows,  after  taking  note  that  it  divides  into 
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two  major  parts,  net  survey  and  submersible  position: 

1.  Three  transponders  are  placed  on  the  bottom  in  a nominal 

triangle.  Six  coordinates  must  be  determined:  depth  for  the 

first  transponder,  depth  and  x coordinate  for  the  second,  and 
depth  plus  X and  y coordinates  for  the  third.  The  final  coordi- 
nate of  Interest  - namely,  the  rotation  cf  this  network  relative 
to  north  — has  not  been  determined  with  any  precision  nor  has 
there  been  an  error  analysis  (Marquet  thinks  it  might  be  within 
one-half  of  a degree). 

2.  The  transponder  positions  are  determined  from  slant 
ranges  to  them,  taken  from  six  ship  positions.  These  slant 
ranges  must  be  calculated  from  the  actual  travel  times  and  hence 
require  a good  knowledge  of  the  sound  velocity  profile.  Making 
determination  of  slant  ranges  from  more  than  six  positions  per- 
mits one  to  calculate  the  slant- range  error.  This  is  expressed 
as  the  slant-range  standard  error  (one  sigma).  Prom  2^  ship 
positions,  with  a 5000-m  baseline  in  the  net  and  a 5000-m  depth, 
a slgms  of  3 . m was  measured.  On  two  other  occasions,  sigmas 
of  2.7  m and  0.^  m were  determined. 

3.  The  errors  in  the  transponder  network  are,  then,  these 
slant-range  standard  errors  multiplied  by  a factor  as  low  as 
1.5  and  as  high  as  10  to  20.  The  multiplication  factor  is  de- 
termined from  geometry  - namely,  the  position  of  the  ship  re- 
lative to  the  net  in  its  six  (or  more)  survey  positions.  Good 
and  bad  geometry  are  shown  in  Hunt  et  al . (197^).  The  first 
part  of  the  problem  is  now  complete;  transponder  network  accuracy 
is  given.  Marquet  (1975)  gives  a normal  multiplicative  factor 

of  2 for  good  geometry,  3 for  slightly  less  good.  These  are 
presumably  operationally  attainable  factors. 
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The  slant.-ran)’;e  standard  erroi-  applies  to  the  deter- 
tiinatio.i  of  submersible  position  as  well  as  to  the  network  survey. 
The  errors  are  now  addeci  to  c;lvo  further  errors  in  position. 

This  error  analysis  is  /'•.iven  in  i.he  table  on  par,e  l6  of  Marquet 
and  Smith  (197^),  assumin/-;  certain  errors  in  the  survey  and 
slant  ran.i'a's.  (Ihev-.e  varied  frori!  1 m t,o  3 i!i).  The  submersible's 
position  eri’or  on  the  baseline  can  be  hure  --  ZP.5  m at  a trans- 
ponder, risinr;  to  350  m at,  a point  midway  between  two  transponders, 
Well  within  the  network,  these  reduce  to  8 so  15  m. 

5.  Note  that  these  errors  are  absolute  errors,  l.e.,  ab- 
solute position  relative  to  the  network.  .However,  these  errors 
are  not  a "jitter"  error.  They  are  a fixed  error  unless  the 
sound  velocity  profile  should  chanp.e  sip’-.nif  Icantly . Thus,  re- 
lative positions  will  be  known  with  far  more  precision.  Re- 
ferrinr:  apain  to  Pif".  6 on  pape  16  of  Marquet  and  Smith  (19?^),- 
wo  consider  a traverse  from  a y position  of  ^800  m,  x = 2000  m 
to  y = ^800,  X = PiJOO.  The  absolute  erroi-s  are  12  and  13  rn,.- 
respectively,  which  means  that  the  error  in  their  relative  posi- 
tions is  only  1 rn . 

6.  This  establishes  the  importance  of  operating  well  with- 
in the  net  to  reduce  both  absolute  and  relative  errors.  The 
change  in  absolute  error  as  ALVIN  changes  position  implies  that 
the  pattern  traced  out  will  be  distorted,  the  distortion  in- 
creasing as  ranjre  from  the  startli.p  point  increases. 

7.  The  fact,  that  these  errors  are  nearly  fixed  and  have 
relatively  little  "jitter"  was  shown  by  an  experiment  in  which 
the  submersible  was  repeatedly  returned  to  the  same  spot  on  the 
ocean  floor.  Its  position  at  any  moment  may  have  been  poorly 
known  in  an  absolute  sense,  but  i.he  unchanging  character  of  these 
errors  was  shown  by  the  ability  to  return  within  1.5  to  2 m of 
the  starting,  point. 
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tn  conclusiony  an;  inve5tl^,a:tbr  must  (’,eGi^(?  whetheir  absolute 
or  only  relative  posit iona.1  accuracy  is  important.  In  either 
case,  minimum  errors,  occur  ,When  the  navigational  network  is 
properly  surveyed,  and  ALVIN  .operates . well  within  the  network. 


5,3.2  Precision  depth  indicator  . 

Alvin's  mpcion  up  and  cipwn  in  the  water  column  as  it  makes 
a traverse,  introduces  error  into, the  seismic  recording.  . Wiggles 
in  the  bottom,  shown  on  Al^VIN’s  display  or  a facsimile  recorder 
could  be  caused  either  by  actual  microtopography  or  by  fluctuations 
in  ALVIN’S  depth.  Precise  depth  measurements  would  eliminate 
this  error.  Actually,  all  that  is  needed  is  an  indication  of 
relative  change  in  depth,  since. the  absolute  value  is  unimportant 
In  making  the  correction. 


This  depth  variation  can  be  used  to  correct  the  seismic 
profile  record  after  the  dive.  A more'  elegant  solution  is  found 
in  Spless  and  Tyce  (19.73),  where  depth  variation  is  used  to 
delay  the  keying  time  of  the  Deep  Tow  transmitter. 


A detailed  consideration  of  Instrumer.tation  for  this  pur- 
pose is  found  in  Sec. 


5.3,3  Precision  time  base 

In  shipboard  seismic  profiling,  the  time  base  is  determined 
by  the  facsimile  recorder  on  which  the  acoustic  returns  from 
sedimentary  layers  are  displayed.  When  seismic  data  are  taken 
In  ALVIN  and  tape  recorded,  investigators  will  want  to  play 
back  those  recordings  under  a variety  of  filter  conditions  and 
sweep  speeds  so  as  to  generate  the  optimum  facsimile  recorder 


9^ 


Report  No.  3110 


Belt  Beranek  and  Newman  Inc 


■f  ■ 

i .1^ 


display,  If  this  Is  to  be  accomplished,  a 60-cycle  time  base, 
tied  to  the  pulse  repetition  rate,  must  be  implemented  In  the 
Modular  Acoustic  System  and  that  60-cyc.ie  tlrtio  base  must  be 
recorded  during  any  profiling. 


ni 


5.3.4  Con?s 

Deep  ..Cores . Deep  coring  will  still  need  to  be  controlled 
from  the  surface.  However,  the  navigation  network  which  deter- 
tiilned  ALVIN  *s  path  in  seismic  profiling  an  area  can  be  used  to 
guide  a core  from  the  surface  to  the  desired  site  on  the  bottom. 
The  ALNAV  system  has  already  performed  such  tasks  with  a large 
array  and  with  devices  such  as  camet*as  on  long  cables  (Hunt 
et  al. , 197^) . 

Shallow  Cores.  Small  cores  held  by  ALVIN 's  arm  have  been 
designed  and  built  (Wlnget  and  McCamis,  1967;  Wlnget,  1969)  but 
their  penetration  is  slight.  The  rock  drill  designed  under  the 
ARPA  contract  can  take  a core  ,?  m long,  but  cannot  be  used  in 
sedimerits  since  it  clogs  (von  Hersen  and  Williams,  1972).  A 
further  problem  with  the  rock  drill  is  its  great  weight  (Wilson, 
1975).  It  cannot  be  deployed  from  ALVIN  until  completion  of  the 
large  ancillary  platform  known  as  SCAMP,  v<hich  will  have  the 
strength  to  support  the  drill. 


5.4  Conclusion? 

The  Modular  Acoustic  System  operated  at  3.5  kHz  should  have 
excellent  penetration  in  seismic  profiling  studies.  At  higher 
frequencies,  the  System  should  still  provide  sufficient  pene- 
tration for  comparison  of  acoustically  determined  horizons  with 
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those  shown  by  cores;  operation  at  the  higher  frequencies  will, 
in  addition,  provide  even  better  spatial  resolution  than  at 
3.5  kHz  because  of  the  smaller  beamwldth. 

Seismic  profiling  experiments  from  ALVIN  will  require  (1)  use 
of  the  navigational  information  provided  by  ALNAV,  (2)  a precise 
record  of  depth  changes,  and  (3)  a 60-cycle  reference  signal. 

Coring  is  a natural  adjunct  to  the  collection  of  seismic 
data  by  ALVIN.  Both  can  Lo  restricted  to  small  areas  on  the  ocean 
bottom  to  better  the  chances  of  meaningful  correlation  of  the 
two  measurements. 
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